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INSIGHTS  INTO  ION-MATRIX,  AND  ION-ION, 

COUPLINGS  IN  POLYMER  SALT  ELECTROLYTES 
FROM  RELAXATION  SPECTROSCOPY 

C.A.  Angcll 

Department  of  Chemistry 
Purdue  University 
West  Lafayette,  IN  47907 

and 

L.M.  Torell 
Department  of  Physics 
Chalmers  Institute  of  Technology 
Goleborg,  Sweden 

This  talk  is  motivated  by  the  need  to  contrast  mechanisms  of  relaxation  in  different 
potential  solid  state  electrolyte  systems  in  a  simple  self-consistent  manner.  To  this  end  we 
will  examine  the  available  transport  data  on  polymer-salt  systems  in  terms  of  the  characteristic 
relaxation  times  for  applied  electrical  fields  (which  determine  the  d.c.  conductivity  of  the 
solution)  and  the  relaxation  times  for  mechanical  stress  (which  measure  the  rate  at  which  the 
matrix  itself  deforms  in  response  to  applied  mechanical  stresses).  These  times  may  be 
obtained  by  means  of  various  relaxation  spectroscopy  techniques  or,  as  average  values,  from 
d.c  transport  properties  in  some  cases.  In  the  case  of  fast  ion  conducting  glasses  the  inverse 
ratio  of  these  two  times  has  been  called  the  decoupling  index,  and  its  value  has  been  used  to 
distinguish  the  potential  of  one  sort  of  glassy  system  from  that  of  another.  Systems  favorable 
for  practical  applications  are  those  which  have  decoupling  indexes  of  the  order  of  10IJ  at 
around  the  temperature  of  application. 

In  polymer-salt  systems  the  determination  of  the  appropriate  mechanical  relaxation  time 
requires  some  thought  since  the  macroscopic  viscosity  in  high  molecular  weight  systems  may 
not  reflect  at  all  the  relaxation  time  for  mechanical  stress  felt  at  the  molecular  level.  Different 
techniques  for  obtaining  the  microscopic  mechanical  relaxation  time  arc  discussed  and  the 
resulting  values  are  compared  with  the  conductivity  relaxation  times  for  different  polymer-salt 
systems.  In  the  most  favorable  cases  we  find  decoupling  indexes  of  the  order  of  unity, 
reflecting  the  well  known  fact  that  the  migration  mechanism  in  these  systems  is  totally 
different  from  that  in  ionic  glasses.  In  cases  of  weak  electrolytes,  the  decoupling  index  can 
be  substantially  less  than  unity,  reflecting  the  coupling  of  ions  to  themselves  (ion-pairing)  as 
well  as  to  the  matrix.  Finally  we  examine  some  novel  plastic  crystal-plus-salt  systems  in 
which  the  decoupling  index  is  of  the  order  of  unity  and  in  which  the  conductivity  relaxation 
time  at  room  temperature  is  shorter  than  to  that  in  all  other  coupled  systems.  The  relative 
merits  of  polymeric  salt  versus  plastic-crystal-salt  systems,  which  in  fact  have  many  features 
in  common,  will  be  examined. 


DIFFUSION  OF  IONS  ON  POLYMER  ELECTROLYTES 


A. V.  Chadwick 

University  Chemical  Laboratory 
University  of  Kent  at  Canterbury 
Canterbury.  Kent  CT2  7NH,  U.K. 

The  discovery  [1]  of  a  relatively  high  Ionic  conductivity  In  complexes 
formed  between  polyethylene  oxide  and  alkali  metal  salts  and  the  proposed 
applications  [2]  of  these  materials  as  battery  electrolytes  has  invoked 
considerable  Interest  In  polymer  electrolytes.  The  nature  of  the  Ionic 
transport  processes  In  these  systems  Is  of  fundamental  Importance  and  this  Is  a 
complex  problem  to  resolve.  Experimental  Investigations  of  the  Ionic  transport 
have  predominantly  used  electrical  conductivity  measurements,  however,  in 
Isolation  they  reveal  little  on  the  microscopic  processes  Involved  In  Ion 
migration  or  even  the  nature  of  the  charge  carrier.  In  crystalline  Ionic 
conductors  considerable  detail  is  known  about  the  Ion  migration  processes  [3.1] 
and  prime  sources  of  this  information  have  been  methods  which  involve  direct 
studies  of  the  diffusion  or  Ions.  Recently,  these  types  of  study  have  been 
reported  for  polyether  electrolytes  [5].  Although  this  work  to  date  Is  limited 
to  relatively  rew  systems  It  has  provided  vital  data  on  the  mobilities  or  Ions 
and  potential  transport  mechanisms.  The  objective  of  this  contribution  Is  to 
review  these  Investigations. 

The  flr3t  section  of  this  review  will  concentrate  on  the  experimental 
techniques  available  for  the  measurement  of  diffusion  coefficients  In  polymer 
electrolytes;  these  are  primarily  radiotracer  and  nuclear  magnetic  resonance 
methods.  The  coverage  will  include  an  outline  of  the  basic  principles  of  the 
techniques,  the  equipment  and  sample  requirements,  and  the  analysis  of  the  raw 
data.  Special  emphasis  will  be  given  to  the  advantages  and  limitations  of  each 
technique. 

In  the  second  section  consideration  will  be  given  to  the  use  of  diffusion 
data  as  a  probe  of  Ion  migration  mechanisms.  This  will  Include  a  description 
of  the  Haven  ratio  approach  [5,6],  which  combines  diffusion  and  conductivity 
measurements.  In  essence,  the  two  measurements  are  compared  via  the 
Nernst-Elnsteln  equation  and  deviations  provide  information  on  the  extent  of 
correlation  between  diffusive  steps  of  the  Ions  [7].  The  degree  of  correlation 
Itself  depends  on  the  migration  mechanism.  Other  approaches  which  have  proved 
fruitful  as  mechanistic  probes  of  Ion  transport  In  crystalline  solids  are  the 
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effect  of  pressure  on  diffusion  [8]  and  the  effect  of  Isotopic  mass  on 
diffusion  [9].  The  possible  application  of  these  methods  to  polymer 
electrolytes  will  be  Included  In  this  section. 

Finally,  the  available  diffusion  data  will  be  reviewed  and  their 
Implications  In  terms  of  the  diffusion  mechanisms  will  be  discussed. 

1.  P.V.  Wright j  Brit  Polymer  J..1973.  7.  319. 

2.  H.B.  Armand,  J.M.  Chabagno  and  M.J.  Duclot,  in  "Fast  Ion  Transport  In 
Solids"  eds.  P.  Vashlshta,  J.N.  Mundy  and  G.K.  Shenoy,  North-Holland, 
Amsterdam,  1979,  p.  131. 

3.  L.W.  Barr  and  A.B.  Lidlard  In  "Physical  Chemlstry-An  Advanced  Treatise", 
Vol  10,  eds.  H.  Eyrlng,  D.  Henderson  and  W.  Jost,  Academic  Press,  New  York, 
1970,  p.  151. 

M.  J.  Corlsh  and  P.W.M.  Jacobs  In  "Surface  and  Defect  Properties  of  Solids", 
Vol  2,  eds.  H.W.  Roberts  and  J.M.  Thomas,  Chemical  Society,  London,  1972, 

p.  160. 

5.  A.V.  Chadwick  and  M.R.  Worboys  In  "Developments  in  Polymer  Electrolytes" 
eds.  J.R.  MacCallum  and  C.A.  Vincent,  Elsevier,  Amsterdam,  1987,  ch.  9. 

6.  C.  Bridges,  A.V.  Chadwick  and  M.R.  Worboys,  paper  at  this  meeting. 

7.  A.D.  I.eClalre  In  "Physical  Chemistry-  An  Advanced  Treatise",  Vol  10,  eds. 
H.  Eyrlng,  D.  Henderson  and  W.  Jost,  Academic  Press,  New  York,  1970,  ch.  5. 

8.  D.  Lazarus  and  N.H.  Nachtrleb  In  "Solids  under  Pressure" ,  eds.  W.  Paul  and 
D.M .  Warschauer,  McGraw-Hill,  New  York,  1963,  ch.  3. 

9.  N.L.  Peterson  In  "Diffusion  In  Solids;  Recent  Developments",  eds.  A.S. 
Nowick  and  J.J.  Burton,  Academic  Press,  New  York,  1975,  p.  115. 
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COMD  SHAPED  POLYMER  ELECTROLYTES 
J  M  G  COWie 

Department  of  Chemistry,  University  of  Stirling, 

Stirling  FK9  4LA ,  Scotland. 

INTRODUCTION 

work  on  polymer/salt  mixtures  has  increased  dramatically 
during  the  past  decade  due  to  the  interest  in  these  systems  as 
fast  ion  conducting  systems.  one  of  the  most  successful  of  the 
host  polymer  matrices,  capable  of  dissolving  inorganic  salts  to 
produce  homogeneous  mixtures,  is  poly(ethylene  oxide)  peo.  It 
has  been"  studied  widely  in  the  pure  homopolymeric  form  but  it 
tends  to  form  semicrys* alline  mixtures  at  temperatures  below 
350k.  Consequently  many  workers  have  concentrated  their 
attention  on  a  variety  of  alternative  structures  containing 
short  PEO  chain  segments,  thereby  avoiding  the  propensity  for 
PEO  to  crystallize.  These  structures  include  block  and  graft 
copolymer  networks  and  comb-shaped  polymers  with  short  pendant 
PEO  chains  attached  to  backbones  based  on  poly (methacrylic 
acid),*1'2*  poly ( itacomc  acid),*1'4*  polyphoaphazene*5* 
and  poly  l  ox.y(  methyl  silene)).*6* 

Our  interest  has  centred  on  the  polyitaconate  derivatives 
but  recently  this  has  been  extended  to  an  examination  of 
comb-shaped  structures  based  on  poly ( ethylene  oxide)  macromers 
and  poiyphosphazenes  with  pendant  crown  ethers. 

POLY ITACONATES 

Comb-shaped  esters  of  poly itaconates  with  1,2,3,  and  7 
methoxy  terminated  ethylene  oxide  lEOj  units  attached  to  each 
monomer  unit  were  synthesised.  The  variation  of  the  glass 
transition  temperature  Tg  with  added  salt  is  shown  in  Figure 
1(a)  and  (b)  for  NaClO^  and  LiClO^  respectively.  The 
lowest  range  of  Tg  values  is  observed  for  the  structure  with 
seven  EO  units.  The  structures  with  one  EO  unit  show  little 
variation  of  Tg  with  salt  and  tne  values  are  generally  higher 
than  those  for  the  longer  side  chains.  The  conductivities  in 
these  systems  ate  highest  for  the  lowest  Tg  mixtures  as  can  be 
seen  from  Figure  2,  where  log  (conductivity)  (o)  is  greatest  for 
the  structure  with  seven  EO  units  and  decreases  to  a  very  low 
level  for  the  structure  with  only  one  EO  unit.  These  data 
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Figure  1(a):  Variation  of  Tg 
with  added  NaCl(J4  tor  poiy- 
itaconates  with  one  (Q); 
two  (  •) ;  and  three  (  O) 
ethylene  oxide  units  in 
each  side  chain. 


Figure  1(b):  Variation  of  Tg 
with  addea  LiClU4  for  poiy- 
itaconates  with  one  (□>; 
two  (•);  three  (O)  and 
seven  (^>)  ethylene  oxide  units 
in  each  side  chain. 


-loglcr/Scm"') 


Figure  l :  A  logarithmic  plot  of  conductivity  (o)  as  a  function 

of  reciprocal  temperature  for  poly  itaconates  with  one  l^>); 
two  (□)  ,  three  (O^  and  seven  (|)  ethylene  oxide  units  in  the 
side  chain. 

ate  tor  mixtures  with  NaClU^  at  a  ratio  lNa^]/[FO  unit|  of 
0.12b. 
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For  the  poly itaconates ,  the  optimum  side  chain  length  would 
appear  to  be  about  seven  ethylene  oxide  units  as  longer  side 
chains  will  be  prone  to  crystallization. 

POLYMERS  PROM  ETHYLENE  OXIDE  MACROMERS  (PVEC>3) 
Polymerization  of  structure  I  gave  material  with  Mn  = 

30, DUO  which  dissolved  many  inorganic  salts  to  give  amorphous 
homogeneous  mixtures. 

CH2  =  CH 

q  ,o  O  O-CH,  I 

\ _ /\ _ /\ _ /  3 

The  Tg  ol  these  mixtures  mirror  the  behaviour  of  the 
poly itaconates  with  three  ethylene  oxide  units.  An  interesting 
comparison  of  conductivities  in  these  systems  is  illustrated  in 
Figures  3(a)  and  (b)  where  PVEOj  is  compared 
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Pigure  3(a);  Comparison  of  log 
o  against  i/T  plot  for  poly- 
itaconates  with  three  (O), 
and  seven  (□)  ethylene  oxide 
units,  and  PVEOj  (  • )  -  salt 
is  L1CIO4  at  1 Li+  J/l EO  unitj 
«  U . 12b. 


Figure  3(b):  Comparison  of  log 
0  against  1/T  for  poly- 
itaconates  with  three  (O), 
and  seven  (0)  ethylene  oxide 
units,  and  PVEO3  (•)  -  salt 
is  Nacl04  at  lNa+J/lEO  unit) 

=  0.125. 


with  the  poly itaconates  comprising  three  and  seven  eu  units  in 
the  sidechain  using  LiClO^  and  NaClC>4  at  a  [cation J/l Eu 
unit]  ratio  of  0.125.  In  both  cases  the  conductivities 
observed  in  the  PVEOj  systems  are  higher  than  the 
poly itaconates  with  comparable  side  chain  lengths  and  wnen 
HClu^  is  the  salt  used  the  PVEO^  mixtures  have 
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conductivities  matching  those  in  the  itaconates  with  seven  BO 
units.  This  may  be  a  retiection  ot  the  greater  tiexibility  of 
the  chain  backbone  in  the  PVEO^  system. 

POLY PHOSPHAZEN E-CROWN  ETHERS 

A  series  ot  polyphosphazenes  with  pendant  crown  ethers  have 
been  prepared.  A  16-crown-5  unit  was  attached  to  the  poly 
phosphazene  backbone  using  methylene  spacer  units  to  modify  the 
initial  Tg  of  the  polymer.  Spacers  with  0,  3,  and  6  methylene 
units  were  examined  and  the  Tgs  were  observed  to  change  in  the 
order  233K,  226K  and  224. 5K  respectively. 

For  the  unspaced  structure  the  increase  in  Tg  when  a  salt 
is  added  is  greater  when  NaCiO^  is  used  compared  with  the 
system  containing  LiClO^.  This  is  reflected  in  the 
conductivity  levels  which  are  significantly  better  in  the 
NaC104  polymer  system.  The  implication  is  that  this  crown 
ether  is  a  more  effective  binding  agent  for  the  Na+  than  the 
Li4  and  so  there  is  a  larger  number  of  charge  carriers  and 
fewer  ion  pairs  produced  in  the  system  containing  NaClO^. 

Conductivity  levels  can  also  be  improved  by  lengthening  the 
spacer  and  decreasing  the  initial  Tg  of  the  polymer  as  can  be 
seen  in  Figure  4,  where  the  system  with  six  methylene  units  now 
achieves  conductivity  levels  similar  to  some  of  the  linear  side 
chain  structures. 
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Figure  4:  Effect  ot  spacer  length  on  the  temperature  dependence 
of  conductivity  16-Crown-b  derivatives  with  zero  (^)r  three 
(Q)  and  six  <■>  methylene  spacer  units.  Also  tor  comparison 
a  lb-crown-b  derivative  with  one  inethylene  spacing  unit  (□). 
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It  might  be  expected  that  a  decrease  in  crown  ether  ring 
size  would  improve  the  complexing  of  the  Li+  ion.  A 
structure  with  one  methylene  spacer  and  a  12-crown-4  ring  was 
tested  with  LiClO^  but  no  significant  improvement  in 
conductivity  was  observed.  This  question  of  ring  size  will  be 
discussed  more  fully. 
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INTRODUCTION 

The  use  of  macromolecular  materials  as  electrolytes  for  solid-state  batteries  was  envisaged 
over  a  decade  ago  (1,2).  The  underlying  features  sought  for  these  polymers  were  :  good  solvating 
power  vis-4-vis  the  cations  (which  of  course  implies  a  reasonable  solubility  of  the  salt  into  the 
macromolecular  system),  an  essentially  cationic  charge  transport  leading  to  conductivity  as  high  as 
possible  and  adequate  electrochemical  stability. 

Linear  polyethers  were  first  studied  and  conductivities  of  around  10s  S.cnT1  obtained  at 
room  temperatures  with  various  salts. 

Since  then  many  laboratories  have  been  tackling  these  problems  with  different  materials  and 
working  hypotheses.  Three  major  drawbacks  were  soon  encountered,  viz.  (i)  crystallization  of  part 
of  the  polymer  (high  DP)  which  relegates  ionic  mobility  to  the  remaining  amorphous  regions  ;  (ii) 
lack  of  dimensional  stability  due  to  creep  particularly  at  the  higher  temperatures  ;  (iii)  cationic 
transport  numbers  much  lower  than  unity. 

The  approach  chosen  in  our  laboratory  (3-6)  called  upon  the  basic  premise  that  crosslinking 
the  polyether  chains  would  minimize  crystallization  and  eliminate  creep.  As  for  the  third 
drawback,  ionomeric  networks  with  anions  fixed  on  the  chains  were  envisaged. 

This  lecture  will  outline  the  results  obtained  with  networks  containing  either  a  dissolved  salt 
or  an  attached  ionisable  moiety.  From  this  detailed  study  conclusions  will  be  proposed  concerning 
molecular-scale  models  of  ion-chain  interactions,  the  origin  and  mode  of  ionic  transport  and  the 
electrochemical  performances  of  some  of  these  materials. 

NETWORKS  WITH  ADDED  SALT 

The  materials  tested  were  essentially  polyethers  crosslinked  by  isocyanates  and  filled  with 
various  salts  (mostly  alkali-metal  salts  of  strong  acids).  A  wide  variety  of  networks  were  prepared 
from  different  polyethers  (chemical  structure,  linear,  branched,  homo-  and  co-polymers,  DP)  using 
different  di-  and  tri-isocyanates  and  working  at  different  synthesis  concentrations. 


Quantitative  relationships  were  obtained  as  a  function  of  crosslink  density  and  salt 
concentration,  with  particular  emphasis  on  systems  based  on  polyethylene  oxide  (PEO)  and  contai¬ 
ning  LiCIO^.  The  results  clearly  indicated  the  occurrence  of  important  interactions  between  the  salt 
and  the  polymer  chains  suggesting  a  physicochemical  association  resembling  (reversible,  dynamic) 
crosslinking. 

Glass-Transition  Temperature 

Two  sets  of  measurements  of  Tg  were  conducted  for  each  system,  viz.,  the  effect  of 
crosslink  density  with  salt-less  networks  and  the  effect  of  salt  concentration  with  networks  of  a 
given  crosslink  density.  Again  the  results  obtained  suggest  physico-chemical  crosslinking  induced 
by  the  added  salt.  It  seems  reasonable  to  postulate  that  the  cation  forms  a  complex  with  the  oxygen 
atoms  of  the  ether  functions.  Thus,  in  the  specific  instance  of  a  PEO  network  containing  LiCIO^, 
it  was  found  that  three  Li*  have  the  same  stiffening  effect  as  one  urethane  crosslink. 

Swelling 

Here  too,  both  salt-less  and  charged  networks  were  examined.  Moreover,  liquids  of 
different  polarity  were  used  to  swell  the  materials.  Again  most  quantitative  information  was 
gathered  with  PEO-based  networks  and  LiCIO^  as  salt.  It  was  found  that  with  non-polar  liquids 
the  same  relationships  applied  to  salt-less  and  salt-containing  networks  if  the  specific  effect  on  Tg 
(see  above)  was  used  as  normalising  factor.  With  more  polar  swelling  agents  the  ion-chain 
interactions  tented  to  fade  away.  These  results  confirmed  the  existence  of  strong  polar  complexes 
between  cations  (free  or  as  multiplets)  and  ether  groups  on  the  polymer  chains  held  between 
urethane  crosslinks. 


Transverse  Nuclear  Magnetic  Relaxation 

This  technique,  applied  to  the  *H  nuclei  of  the  polymer  chains,  confirmed  the  binding  role 
of  the  ionic  moieties  from  the  added  salt.  Indeed,  an  increase  in  salt  concentration  resulted  in  a 
change  in  response  of  the  network  indicating  chain  partitioning  by  physico-chemical  crosslinking. 

NMR  Lincwidths 

This  parameter  was  studied  with  *H,  7Li  and  *^F,  viz.  with  nuclei  belonging  to  the 
polymer  network,  the  cation  and  the  anion  (e.g.  CFjSOj”).  The  changes  in  linewidth  with 
temperature  gave  a  very  similar  behaviour  for  the  three  nuclei  and  was  typical  of  a  free- volume 
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situation.  This  strongly  suggests  that  the  segmental  motions  within  the  polymer  chains  induce  the 
synchronous  participation  of  the  ions  situated  in  their  vicinity. 

Dynamic  Mechanical  Properties 

All  the  networks  tested,  with  and  without  salts,  showed  a  typical  WLF  behaviour  with 
values  of  Cj  and  C2  at  Tg  independent  of  all  variables  studied.  Moreover,  these  values  were 
practically  the  same  as  those  calculated  from  the  linewidth-vs-temperature  experiments. 

Ionic  Conductivity 

A  large  number  of  systems  were  tested  in  order  to  correlate  the  o-vs-T  diagrams  with  the 
variables  defined  above.  Satisfactory  conductivities,  namely  >  10'*  S.cm'*  at  25*C,  were  obtained 
with  many  systems.  All  trends  observed  were  adequately  explained  on  the  basis  of  free-volume 
considerations.  This  implies  that  the  ionic  transport  across  the  network  under  an  electric  field  is 
determined  by  segmental  motions  as  described  by  the  WLF  equations. 

The  values  of  C(  and  C2  at  Tg  were  again  very  close  to  those  obtained  by  the  two  previous 
techniques. 

Transport  Numbers 

It  was  found  that  the  fractional  cationic  contribution  to  the  overall  conductivity,  t+,  was 
systematically  well  below  unity,  sometimes  close  to  zero  and  •  with  magnesium  salts 
t+  =  0.  This  clearly  shows  that  the  interactions  of  the  cations  with  the  ether  groups  are  strong 
enough  to  unbalance  their  mobility  with  respect  to  that  of  the  anions  and  even  to  block  it  comple¬ 
tely. 

IONOMERIC  NETWORKS 

The  results  summarized  above  show  that  it  is  possible  to  eliminate  the  problems  of 
crystallisation  and  those  related  to  creep  and  still  obtain  satisfactory  levels  of  ionic  conductivity  by 
a  judicious  crosslinking  of  the  polyether  chains. 

However,  the  drawback  linked  to  the  low  cationic  transport  numbers  persisted,  as  was  to  be 
expected. 

We  decided  to  prepare  and  test  similar  networks  in  which  the  ionic  (or  ionisable)  functions 
would  be  part  of  their  structure,  with  the  anions  covalently  bound  to  the  chains  and  the  cations 
free  to  dissociate  and  migrate  across  the  material. 

These  ionomers  were  synthetized  with  different  structures,  but  mostly  with  phosphate  and 
thiophosphale  groups  attached  to  polyether-urethane  networks. 
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As  expected,  t+  became  unity,  but  the  actual  value  of  the  conductivity  at  room  temperature 
were  lower  than  with  salt  +  network  systems  and  reached  -  10'^  S.cm~*  at  about  I00*C. 

These  ionomeric  networks  showed  the  same  free-volume  behaviour  as  that  encountered  with 
networks  filled  with  salts. 

CONCLUSION 

A  model  will  be  presented  to  attempt  an  explanation  of  all  the  major  features  observed  in 
this  investigation.  It  involves  the  formation  of  quadrupoles  around  an  intersection  of  two  polyether 
chains  and  the  transfer  of  ions,  through  segmental  motions,  from  one  such  structure  to  the  next. 

Also,  an  outline  will  be  given  of  the  electrochemical  stability  of  some  of  these  materials  as 
well  as  of  their  performance  as  electrolytes  in  battery  set-up. 

Finally,  suggestions  will  be  put  forward  concerning  the  preparation  of  better  ionomeric 
networks. 
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Complexes  of  polytethylene  oxide),  PEO,  and  lithium  salts,  have  great  promise  a3 
advanced,  solid-state  polymer  electrolytes  for  the  development  of  high-energy  lithium 
batteries  (1-3).  This  important  perspective  has  prompted  us  to  carry  out  a  systematic 
investigation  of  the  characteristics  of  the  electrode  materials  which  appear  to  be  the 
most  promising  for  the  realization  of  this  type  of  battery. 

The  kinetics  of  the  lithium  electrode  in  polymer  electrolyte  cells  have  been 
examined  by  a.c.  impedance  spectroscopy,  by  d.c.  polarization  curves  and  by  cyclic 
voltammetry.  The  results  indicate  that  the  lithium  metal  electrode,  even  If  basically 
reversible,  suffers  from  passivation  phenomena  similar  to  those  observed  in  organic 
liquid  electrolytes  (4).  The  characteristics  of  these  passivatkpn  effects,  as  well  as 
their  Influence  on  the  cyclablllty  of  the  lithium  electrode  In  rechargeable  polymer 
electrolyte  batteries  are  examined  and  discussed. 

The  properties  of  the  electrochemical  processes  of  typical  positive  electrodes, 
such  as  Intercalation  transition  metal  sulphides  and  oxides,  have  been  examined  bv 
voltage-composition  curves  and  bv  cyclic  voltammetry.  Very  promising  behaviour  is 
shown  by  the  Llj+xVjOg  electrode  material.  The  basic  structural  elements  of  this 
bronze  are  octahedra  and  trigonal  bypyramids  which  are  arranged  to  form  puckered 
layers  with  the  LI*  ions  situated  In  between,  occupying  octahedral  sites  (5).  The  unit 
cell  comprises  six  empty  tetrahedral  sites  where  excess  of  lithium  mav  be  accomodated 
with  excellent  structure  retention.  This  allows  good  reversibility  of  the  lithium 
lntercalatlon-delntercalatlon  process,  with  a  maximum  uptake  of  about  3  ea/mol. 

This  highly  reversible  behaviour  has  been  practically  confirmed  bv  repetitive 
cyclic  voltammetry  In  various  polymer  electrolyte  media. 
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Furthermore,  considering  that  polymer  electrolytes  with  conduction  by  other  ions 
than  lithium  may  be  of  great  importance  in  electronic  technology,  the  kinetics  of  copper 
electrodes  in  a  new  family  of  polymer  electrolytes  have  also  been  investigated. 
Results  «)  based  on  a.c.  impedance  spectroscopy  and  d.c.  polarization  curves  indicate 
that  the  copper  polymer  systems  may  eventually  find  practical  applications. 

Finally,  new  concepts  of  fully-polymerlc.  thin-fllm  batteries  have  been  explored 
by  examining  the  kinetics  of  Interfaces  formed  by  PEO-based  electrolytes  and 
electronically  cunducting  polymers  (e.g.  polypyrrolei  as  electrodes.  Preliminary  results 
(7)  indicate  that  this  type  of  cell  may  operate  satisfactorily  at  low  rates  and  at 
moderately  high  temperatures. 
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INTRODUCTION 

The  research  to  be  reported  stemsed  Initially  frost  the  pioneering  work  of 
12  3 

Urlght  and  co-workers  ’  ,  and  Armand  and  co-workers  on  alkali  metal 
salt-polyethylene  oxide  (PEO)  complexes.  Because  of  our  Interaction  with 
those  Interested  In  the  construction  of  solid-state  batteries,  the  efforts 
have  been  concentrated  on  lithium  salts.  In  general  terms  two  areas  were 
Identified  for  detailed  study 

(1)  The  elimination  or  reduction  of  the  mobility  of  the  anion 

(2)  A  substantial  Improvement  of  the  overall  ionic  conductivity. 

In  pursuit  of  these  objectives,  the  following  aspects  were  examined,  and 
wll 1  be  described  in  sequence 

(1)  The  effect  of  salt  composition  on  the  ionic  conductivity,  In  particular 
preparing  salts  with  highly  polarlsable  groups  such  as  fluorine  and  Bulphur. 

In  the  first  Instance  salts  of  monobasic  acids  were  examined  with  the  aim  of 
obtaining  high  conductivity,  but  secondly,  with  the  target  of  Inhibiting  the 
mobility  of  the  anion,  a  lithium  salt  of  8  dibasic  acid  was  also  Included. 

(2)  To  examine  the  effect  of  complete  Immobility  of  the  anion,  blends  of 
poly(ethylene  oxide)  with  lithium  salts  of  anionic  polymerB  were  prepared. 

(3)  To  obtain  high  Ionic  conductivity  over  a  wide  temperature  range, 
amorphous  poly (methoxy  polyethylene  glycol  monomethacrylates)  (PEM)  were 
prepared  and  complexed  with  lithium  trl f ltiororae thane  sulphonate  CF^SO^Li, 

These  comb  polymers  offer  an  Important  new  range  of  lonlcally  conducting 
polymers. 

RESULTS  AND  DISCUSSION 

4 

(I)  Comparison  of  different  salt  complexes 

First,  results  are  shown  In  Figure  1  for  PEO  complexes  with  lithium 
trlf luoroacetate  CF^  COOL!  and  lithium  triflooromethane  sulphonate  CF^SO^Ll. 

In  each  case  a  range  of  salt  concentrations  was  examined,  specified  by  the 
ratio  of  the  number  of  moles  of  oxygen  atoms  In  PFO  to  the  number  of  moles  of 
Ll+-lons  (designated  as  the  0/l.l+  ratio).  It  can  be  seen  that  the 
conductivity  values  for  the  PEO-CF^SOjLi  complexes  are  about  an  order  of 
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magnitude  higher  than  those  for  the  PEO-CF^COOLi  complexes.  This  has  been 
attributed  to  the  greater  stability  of  the  trif luoromethane  sulphonate  anion 
and  a  lower  degree  of  lon-pairlng,  trlf luoromethane  sulphonlc  acid  being 
regarded  as  a  very  strong  monobasic  acid.  It  can  be  noted  that  all  the 
conductivity  plots,  with  the  exception  of  the  PEO-CF^COOLi  complex  with  0/Li+ 
-  4,  show  a  knee  at  about  338K  corresponding  to  the  crystalline  melting  of 
PEO. 

Figure  2  shows  conductivity  results  for  complexes  Incorporating  the 
lithium  salt  of  a  dibasic  acid,  dillthlum  hexaf luoroglutarate  (L1HFG) 
L100C(CF2)jC00L1.  Comparison  with  the  results  of  Figure  1  shows  that  there 
is  a  significantly  lower  value  of  Ionic  conductivity  than  the  PEO-CF^COOLl 
complexes  over  the  entire  temperature  range.  This  is  believed  to  be  partly 
due  to  the  Immobilization  of  the  anion  In  the  salt  complex  formed  from  the 
salt  of  the  dibasic  acid. 

Comparative  results  were  also  obtained  for  the  conductivity  of  PEO 
complexes  with  CFjCOOLl,  CF3CF2COOLi  and  CFjCFjCFjCOOLI  all  with  0/Ll+  -  9. 

A  systematic  decrease  in  conductivity  with  increase  In  anion  size  was 
observed. 

(2)  Polymer  blends4 

To  obtain  a  low  degree  of  lon-pairlng  and  hence  produce  polymer  blends 
with  relatively  high  Ll+- ton  conductivity,  aalts  of  anionic  polymerB  derived 
from  strongly  acidic  polymers  were  synthesised.  The  two  systems  examined  were 
poly(2-sulphoethyl  methacrylate-Ll  salt)  (PSEM-Li)  and 
poly(2-(4-carboxyhexaf luoro-butanoyl-oxy)  ethyl  methacrylate-Ll  salt) 
(PCHFEM-L1) .  Results  were  obtained  for  the  PSEM-Li/PEO  blend  with  0/Ll+  »  15 
and  the  PCHFEM-L1/PE0  blend  with  0/Ll+  ■  18.  A  knee  In  the  conductivity 
curve  was  again  observed  near  338K  which  corresponds  to  the  melting  of  the 
crystalline  PEO.  The  anionic  polymer-Ll  salts  will  form  part  of  the 

amorphous  phase.  The  conductivity  of  the  PCHFEM-L1/PE0  blend  Is  an  order  of 

magnitude  greater  than  that  of  the  PSEH-L1/PE0  blend  at  the  same  temperature, 
which  may  be  attributed  to  the  different  stabilities  of  the  anions.  The 
conductivities  for  the  PCHFEM-L1/PE0  blend  are  similar  to  those  for  the  PE0-L1 
HFG  complex  but  both  are  somewhat  lower  than  those  for  the  monobasic  acid  with 
similar  anion  stability  and  Identical  Ll+-lon  concentration.  This  result  Is 
consistent  with  the  Immobilization  of  the  anion  In  the  blend  and  In  the 
complex  from  the  salt  of  the  dibasic  acid. 

(3)  Comb-llke  polymers^’4 

Recognizing  that  Increased  Ionic  conductivity  requires  a  high  amorphous 
content  (note  the  knee  In  the  conductivity  curves  observed  at  the  melting 
point  of  the  crystalline  PEO  phase)  It  was  decided  to  examine  the  behaviour  of 


1.3 


amorphous  Li-salt  complexes.  The  polymers  chosen  were  poly(methoxy 
polyethylene  glycol  mohomethacrylates) 

ch3 

(-CH^-C-)^  with  n«9  and  22  for  PEM  9 

C  and  PEM  22  respectively 

0  0  (CH  CH20)nCH 

Results  for  complexes  of  these  comb  polymers  with  LiSO^CF^  (found  above  to 
give  the  highest  levels  of  conductivity  in  the  PEO  complexes)  are  shown  in 
Figure  3.  As  expected,  the  knee  in  the  conductivity  curve  is  absent  for  these 
amorphous  polymers,  and  the  results  compare  very  favourably  with  the 
comparable  PEO  complex  (0/Ll*  -  18  in  all  cases).  It  is  of  particular 

Importance  that  these  comb  polymers  show  conductivities  in  the  range  . 

-A  -5  -l 

10  -10  S  cm  at  room  temperature. 

In  further  work,  the  influence  on  the  conductivity  of  Increasing  the  main 
chain  mobility  was  explored,  by  obtaining  results  for  polysiloxane  comb 
polymers,  completed  with  lithium  perchlorate  LICIO^.  The  polymers  are 
liquids  at  room  temperature  but  rubbery  films  can  readily  be  produced  by 
crosslinking.  The  conductivity  results  for  these  systems  were  similar  to 

those  for  other  fully  amorphous  poly (ethylene  glycol)  systems,  and  showed 
-A  -1 

conductivity  values  -  10  S  cm  at  room  temperature.  Figure  4  shows 
conductivity  plots  for  two  cross-linked  films  of  the  slloxane  polymers 
complexed  with  LiSO^CF^.  Very  satisfactory  values  for  the  conductivity  are 
obtained.  For  comparative  purposes  we  also  prepared  lightly  cross-linked 
analogues  with  the  methacrylate  backbone  polymer.  Thtse  latter  films  showed 
conductivities  -  10  cm  *  at  room  temperature  298K  and  were  more  thermally 
stable  than  the  slloxane  comb  polymers. 

CONCLUSIONS 

To  obtain  the  most  highly  conducting  polymer  electrolytes  from  polymers 
containing  the  oxyethylene  repeat  unit  several  key  factors  have  been 
identified.  First,  it  is  desirable  to  use  a  wholly  amorphous  polymer. 
Secondly  it  is  desirable  to  retain  as  much  molecular  mobility  as  possible.  It 
has  been  shown  that  comb  polymers  with  oxyethylene  oligomers  as  the  teeth  and 
methacrylate,  acrylate  or  slloxane  backbones  satisfy  these  requirements. 
Finally,  the  choice  of  complexlng  salt  also  has  to  be  optimised.  Good 
results  have  been  obtained  with  lithium  trlf luoromethane  sulphonate. 
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Ionic  Conduction  of  Polymer  Electrolytes  and  Future  Applications 

Masayoshi  Watanabe  . 

Department  of  Chemistry,  Sophia  University 
Chiyoda-ku,  Tokyo  102,  Japan 

Rubbery  state  is  characteristic  of  macromolecules.  In  rubbery 
state,  polymer  segments  are  locally  mobile  (micro-Brownian  motion) 
like  a  liquid,  whereas  long  range  motion  of  molecules  (macro-Brown- 
ian  motion)  is  prohibited  by  cross-linking  structures,  such  as 
existence  of  crystallites  and  chemically  produced  network  struc¬ 
tures.  Thus,  polymeric  materials  having  physically  or  chemically 
cross-linked  structures  behave  like  elastic  or  plastic  solids  even 
in  rubbery  state  (above  T  ) .  Certain  kinds  of  polar  polymers  can 

S3 

dissolve  inorganic  salts  up  to  a  high  concentration.  In  these 
solid  solutions,  a  part  of  the  dissolved  salt  is  expected  to  disso¬ 
ciate  to  ions,  as  so  in  liquid  electrolyte  solutions.  Polymer 
electrolytes  with  high  ionic  conductivity,  ever  obtained,  have 
amorphous  and  rubbery  phases  with  dissolved  salts,  and  the  ionic 
condution  in  these  phases  is  p  edominant.  We  summarize  here  the 
correlation  between  structure  of  polymer  electrolytes  and  their 
ionic  conductivity  in  terms  of  carrier  transport  and  generation 
processes.  Our  recent  study  on  the  application  of  polymer  electro¬ 
lytes  is  also  presented. 

2  1 

Low  molecular  weight  poly (propylene  oxide) (PPO)  (M.W.=10  -10  ) 
is  a  liquid  polymer  at  room  temperature  and  can  dissolve  alkali 
metal  salts  to  form  viscous  electrolyte  solutions.  Room  temerature 
ionic  conductivity  of  the  electrolyte  solutions  was  10  **-10  ^Scm 
In  the  electrolyte  solutions,  both  micro-  and  macro-Brownian  motion 
of  the  polymer  chain  are  permitted.  If  the  micro-Brownian  motion 
mediates  the  transport  of  ions,  solid  polymer  electrolytes  shoud  be 
obtained.  The  ionic  conductivity  of  PPO  network  polymers  '  and  PPO 
block  copolymers^'containing  alkali  metal  salts  reached  10-7-10~6 
Scm  .  This  conductivity  was  comparable  to  that  of  the  electrolyte 
solutions,  although  in  these  polymer  electrolytes  the  macro-Brown¬ 
ian  motion  was  frozen.  Thus,  micro-Brownian  motion  of  polymer 
segments  is  primarily  the  motive  force  of  ionic  transport  in  polymer 
electrolytes . 

The  dielectric  relaxation  time  for  the  backbone  motion  of  PPO 
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and  poly (ehty lene  oxide) (PEO),  which  are  typical  media  for  polymer 
-9-8 

electrolytes,  is  10  -10  s  at  room  temperature,  and  its  temperature 
dependence  is  known  to  obey  the  WLF  equation.  How  small  ions  mi¬ 
grate  in  these  rubbery  media  is  an  interesting  problem.  The  temper¬ 
ature  dependence  of  ionic  conductivity  of  amorphous  polymer  electro¬ 
lytes  also  obeys  the  WLF  equation.  The  change  in  the  conductivity_ 
with  temperature  was  similar  to  that  in  the  dielectric  or  mechanic¬ 
al  relaxation  time  of  backbone  motion  for  the  PPO  electrolytes,  when 

4 ) 

T^  was  used  as  a  reference  temperature.  In  the  PPO  electrolytes 
crosslinked  by  an  azobenzene  derivative,  the  average  hole  si2e  re¬ 
quired  to  migrate  carrier  ions  was  larger  than  that  required  for  the 
thermal  cis  +  trans  isomerization  of  the  azo-probes .  Fig.l  shows 
the  WLF  plots  of  ionic  conductivity  for  amorphous  PEO  networks  con¬ 
taining  11  different  alkali  metal  salts  at  the  same  concentration.6* 
Although  the  conductivity  at  a  constant  temperature  differed  at  most 
by  two  orders  of  magnitude,  the  WLF  plots  were  represented  by  one 
master  curve  irrespective  of  the  salt  species.  These  results  imply 
that  ionic  migration  does  not  occur  by  itself  but  that  the  segmental 
motion  with  associated  carrier  ions  causes  the  ionic  migration. 

The  moving  unit  of  polymer  backbone  with  associated  carrier  ions  is 
correlated  with  that  involved  in  the  relaxation  process.  Since  its 
size  is  far  larger  than  the  volume  of  naked  ions  and  is  nearly 
constant,  independent  of  the  ionic  radii,  the  above  phenomena  are 
observed . 


Carrier  ions  in  polymer  electrolytes,  thus,  exist  as  solvated. 


ions  by  polar  groups  of  polymers. 
The  polymer  segments  with  asso¬ 
ciated  ions  constantly  rearrange 
because  the  polymer  electrolytes 
are  in  rubbery  state.  This  re¬ 
arrangement  changes  the  local 
position  of  the  carrier  ions. 

The  solvation  of  the  other 
segments  dominates  sometime  after 
the  change  in  the  local  position 
of  the  carrier  ions,  an^  the 
segmental  motion  causes  again  the 
ionic  migration.  The  repetition 
of  the  association  of  the  carrier 
ions  to  the  polymer  segments,  the 
segmental  motion  with  associated 
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Fl»u  re  1  WLF  plot*  of  ionic  conductivity  for  PECtalkaB  metal 
•all  complete*  using  a  reference  temperature  f,  1*1,  *  SO  "Cl. 
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ions,  and  the  dissociation  from  the  polymer  segments  seems  to  cause 

the  ionic  transport  in  polymer  electrolytes.  The  segmental  motion 

with  associated  carrier  ions  is  the  rate-determining-step  for  the 

ionic  conduction.  The  WLF  profile  of  the  ionic  conductivity  with 

large  temperature  dependence  for  transporting  small  ions  is,  thus, 

observed.  The  ionic  mobility  in  the  PPO  and  PEO  network  electro- 
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lytes  was  roughly  found  to  be  ca.  10  cm  V  s  at  room  tempera- 

7 )  at 

ture  by  means  of  the  transient  ionic  current  methods. 

The  ionic  conductivity  of  polymer  electrolytes  is  affected  not 
only  by  the  ionic  mobility  but  also  by  the  number  carrier  idns. 

The  carrier  number  is  influenced  by  the  incorporated  salt  species, 
its  concentration,  temperature,  and  polymer  structure.  The  ionic 
conductivity  for  the  PEO  '  and  PPO  '  electrolytes  of  a  constant 
salt  concentration  decreased  in  accordance  with  the  increase  in  the 
lattice  energies  of  incorporated  salts,  when  it  was  compared  at  the 
iso- free- volume  state.  At  this  state,  the  increase  in  the  ionic 
conductivity  of  the  PEO  network  electrolytes  as  a  function  of  a 

salt  concentration  was  smaller  than  that  expected  by  the  complete 
9 ) 

dissociation.  These  results  support  the  conclusion  that  all  of 
the  incorporated  salts  do  not  function  as  carrier  ions,  and  the 
ion  dissociation  is  suppressed  with  increasing  the  lattice  energies 
and  concentration  of  salts.  In  contrast,  the  increase  in  the  con¬ 
ductivity  of  the  PPO  electrolytes  with  the  salt  concentration  was 

‘  4 1 

larger  than  that  expected  by  the  complete  dissociation.  This 
might  be  due  to  the  fact  that  the  change  in  the  carrier  number  with 
temperature  was  small  in  the  PEO  electrolytes,  while  that  in  the 
PPO  electrolytes  was  not  negligible.^ 

For  the  ion  dissociation  in  polymeric  media,  solvation  of  an 
ion  with  polar  groups  in  the  polymers  may  be  an  essential  process. 
There  are  two  possible  processes  for  the  solvation  in  polymeric 
media;  one  is  the  solvation  by  intrapolymer  polar  groups  and  the 
other  is  that  by  interpolymer  polar  groups.  The  former  process  may 
involve  the  cooperative  interaction  of  the  neighboring  polar  groups 
with  an  ion.  When  the  ionic  conductivity  of  amorphous  PEO  and  PPO 
electrolytes  was  compared,  the  conductivity  of  the  PEO  electrolytes 
was  5-10  times  higher  than  that  of  the  PPO  electrolytes,  whereas  T^ 
ol  the  ionic  mobility  of  both  electrolytes  did  not  differ  apprecia¬ 
bly  one  to  the  other. ^  The  ionic  dissociation  was,  thus,  suppress¬ 
ed  in  the  PPO  electrolytes.  Similar  results  were  obtained  in 
aliphatic  polyester  electrolytes;  the  ion  dissociation  was  suppress¬ 
ed  in  poly (ethylene  sebacate) ,  compared  with  that  in  poly (ethylene 
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Fig.  2  Schematic  view  for  electrochemical  poly¬ 
merization  of  pyrrole  using  ion-conducting  poly¬ 
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attained  by  inorganic  solid  Fig.  2  Schematic  view  for  electrochemical  poly- 

merization  of  pyrrole  using  ion-conducting  poly- 
electroly  tes ,  may  be  the  mers  as  a  solid  electrolyte. 

ability  to  include  various 

kinds  of  electroactive  molelules  in  them.  The  combination  of  this 
property  with  their  high  ionic  conductivity  will  anable  us  to  use 
polymer  electrolytes  as  media  for  electrochemical  reactions  of 
electroactive  molecules,  as  we  use  electrolyte  solutions  for  this 
purpose.  Fig. 2  shows  schematic  view  for  the  electrochemical  polymer¬ 
ization  of  pyrrole  using  a  polymer  electrolyte.  The  electrochemical 
polymerization  produced  polypyrrole/polymer  electrolyte  bi layer 
composites  in  situ.*1^  The  bilayer  composites  showed  electrochem¬ 
ical  activity  in  solid  state.  When  redox  active  molecules,  such  as 
ferrocene,  were  incorporated  in  polymer  electrolytes,  the  molecules 
underwent  redox  reactions  in  response  to  the  potential  of  a  elec¬ 
trode.  The  future  application  of  polymer  electrolytes  will  open  in 
the  fields;  they  are  used  as  a  medium  of  ions  and  molecules  which 
response  to  electrode  potentials. 
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ASPECTS  OF  SOME  CRYSTALLINE  COMPLEXES  OF 
POLY (ETHYLENE  OXIDE)  WITH  ALKALI  IONS 
P.V.  Wright 

Dept,  of  Ceramics,  Glasses  and  Polymers 
University  of  Sheffield 
Northumberland  Road 
Sheffield,  S10  2TZ ,  U.K. 

ABSTRACT 

Poly (ethylene  oxide)  (PEO)  has  become  well-known  as  a  medium 
for  ionic  conduction  of  inorganic  alkali  ion  salts.  This  process 
takes  place  predominately  through  the  amorphous  regions  of  the 
PEO-alkali  salt  complexes. 

However,  PEO  alkali  ion  complexes  may  be  highly  organised  and 
we  have  recently  begun  to  explore  the  possibilities  of  using  PEO 
to  carry  structured  arrays  of  electroactive  or  optically  active 
species  including  those  which  incorporate  aromatic  rings.  Such 
structural  information  that  is  presently  available1'2'3'  suggests 
that  PEO-Na+  and  PEO-Li+  crystalline  phases  have  stoichiometries 
of  3  mol  of  EO  unit  per  1  mol  of  cation  and  two  molecular  units  of 
complex  extend  over  the  fibre  repeat  distances  which  range  from 
7.28  to  8.48.  Thus,  the  positive  centres  may  be  distributed  along 
the  chain  with  adjustable  spacing  ca.3.68  -  4.28  that  should  com¬ 
fortably  accomodate  stacks  of  charged  aromatic  rings.  Accordingly, 
complexes  of  PEO  with  a  variety  of  organic  acid  salts  and  charge 
transfer  salts  have  been  prepared1"5'6.  The  former  display 
lyotropic  and  thermotropic  behaviour  while  the  latter  form  flexible, 
electronically  conducting  films.  The  preparation,  structure  and 
properties  of  these  materials  will  be  discussed. 
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RECENT  RESULTS  ON  A  10  Wh  CELL  BASED  ON  PE0-LlC10ft 
ELECTROLYTE  AND  PRELIMINARY  DATA  ON  NEW  SALT -POLYMER 
COMBINATION  FOR  IMPROVED  PERFORMANCES. 

A.  BAlancer.  M.  Gauthier,  M.  Duval,  B.  Kapfer, 

M.  Robltallle,  Y.  GlguAre,  R.  Beliemare 

Instltut  de  recherche  d' Hydro -Quebec  (IREQ) 

1800  HontAe  Ste-Julle 
Varennes,  Quebec,  Canada.  JOL  2C0 


The  ACEP  project  (Accumulateurs  A  Electrolyte  Polyn&re)  has  been  going  on  at 
IREQ  since  the  early  eighties  following  an  original  approach  suggested  by  M. 
Armand  of  the  University  of  Grenoble,  France  (1). 

These  all  solid-state  batteries  use  polymer  electrolytes  made  of  chain  having 
functional  groups  that  can  easily  dissolve  the  lithium  salts  and  confer  pure 
ionic  (ideally  cationic)  conductivity  on  the  electrolyte.  Polyether  Is  by  far 
the  best  known  family  of  polymers  that  have  been  tested  for  battery 
applications . 

Over  the  years  many  Improvements  have  been  made  in  the  polyether-based 
electrolytes,  both  from  the  point  of  view  of  the  polymer  chain  Itself  and  the 
type  and  nature  of  salts  dissolved  In  the  polymer  network. 

The  following  results  on  the  10  Wh  demo-cells  reveal  in  practical  terms  the 
limits  of  a  particular  choice  of  components  and  their  physical  arrangements. 

Some  new  results  obtained  for  mid- temperature  applications  (60”C)  will  be 
presented  as  a  demonstration  of  improved  performance  associated  with  the 
electrolyte  and  the  optimization  of  lithium  electrodes. 


The  first  results  on  a  10  Wh  demo-cell  were  presented  In  Kyoto,  Japan  during  the 
"Third  International  Heetlng  on  Lithium  Batteries”  in  May  1986  (2). 

The  cell  consists  of  twelve  (12)  groups  of  4xbl-cells  stacked  into  a  prismatic 
stainless  steel  casing  on  which  Individual  feedthrough  connectors  were  provided. 
The  assembly  of  the  cells  was  achieved  by  hot-pressing  together  the  cell 


components.  Preliminary  results  showed  that  no  scale  effect  was  encountered 
going  from  4  cnr  laboratory  cells  to  the  4800  cm2  demo-cell.  Some  parallel  and 


series  behavior  cases  were  also  briefly  described. 


In  the  present  paper,  we  describe  in  more  details  the  follow-up  of  the  cycling 
of  this  demo-cell.  Figure  1  shows  the  cycling  profile  of  one  group  of  4xbl-cells 
as  recorded  over  a  period  exceeding  a  year.  As  shown,  cycling  was  performed  at 
different  discharge  rates  (C/100  to  C/1)  at  95°C  In  various  series  and  parallel 
configurations.  An  "aging"  process  started  after  the  demo-cell  was  tested  In 
series  arrangement  (c.a.~150  th  cycle)  that  affected  the  power  characteristics 
of  the  whole  cell.  Nevertheless,  cycling  was  resumed  and  followed  by  a  six-month 
period  of  complete  Inactivity  at  95°C.  No  self -discharge  was  noticed  during  this 
rest  period:  open  circuit  voltages  (OCV)  starting  at  2.56  ±.02  V  and  ending  at 
an  average  of  2.52  ±.02  V. 


Afterwards,  for  an  all-parallel  configuration,  the  total  capacity  of  the  demo¬ 
cell  was  still  available  but  at  low  discharge  rates  (C/100). 


The  Importance  of  cell  equalization  became  obvious  when  series  cycling  tests 
were  performed  on  the  demo-cell.  At  that  time,  the  reproductlblllty  of  the 
positive  electrode  surface  capacity  was  of  the  order  of  ±  5»  (doctor  blade 
slurry  technique)  which  proved  to  be  quite  insufficient  for  continuous  series 
cycling. 

Cells  were  linked  two  by  two  In  parallel  and  then  in  series  of  three  as  shown  in 
Figure  2.  The  figure  shows  the  discharge  curves  at  C/4  for  Individual  groups  of 
the  series  along  with  the  total  series  (right  scale).  Rapidly,  because  of 
unbalanced  capacities: 

group  1-  2548  C  for  U-  75.0  »  | 

group  2-  2491  C  for  U-  73.9  %  j  starting  capacities 

group  3-  2448  C  for  U-  72.4  %  j 

and  for  an  overall  Inverting  voltage  of  4.5  V  for  the  discharge  state,  the 

groups  do  not  Invert  at  the  sane  Individual  voltages.  From  the  4  cycle: 


eye. #4 
eye. #5 
eye. #6 


group  1 
1.75  V 
1.75  V 
1.80  V 


group  2 
1.48  V 
1.52  V 
1.62  V 


group  3 
1.30  V. 
1.18  V. 
1.08  V. 


The  last  value  of  1.08  V  Is  much  too  low  for  the  positive  electrode  and  causes 
sone  degradation  of  the  material.  While  the  weaker  link  of  the  series  becomes 
over -polarized,  the  two  other  groups  reach  voltages  that  correspond  only  to 
shallow  discharges.  As  the  cycling  progresses  things  get  worse  since  the 
performances  of  the  weaker  cell  continue  to  decrease. 

However,  series  cycling  proved  to  be  quite  viable  If  good  cell  balancing  Is 
achieved  during  electrode  preparation  processes.  For  example,  when  cells  have 
positive  electrode  capacities  that  do  not  spread  over  by  more  than  1  »,  we  have 
reached  more  than  40  cycles  without  experiencing  any  deterloroua  single  cell 
overvoltages . 


THERMAL  MANAGEMENT  INFORMATION 

For  high  power  applications,  e.g.  traction  type  batteries  for  E.V.  applications, 
the  understanding  of  heat  effects  assumes  a  particular  Importance.  As  a  matter 
of  fact,  the  smchanlsm  of  heat  generation  Inside  the  battery  during  cycling  and 
the  way  heat  may  be  dissipated  need  to  be  well  understood  in  order  to  prevent 
any  temperature  excursions  that  would  otherwise  damage  the  whole  cell.  It  is 
essential,  for  example ,  that  nowhere  In  the  cell  the  melt  temperature  of  the 
electrolyte  be  reached  and  cause  swelling  of  the  various  constituents.  In  the 
same  way,  for  kinetic  reasons,  the  higher  the  temperature,  the  more  severe  the 
degradation  of  components  and  the  corrosion  problems  involving  current 
collectors. 

To  get  a  first  glance  of  heat  effects  Inside  ACEP  type  batteries,  we  have 
Introduced  three  small  thermocouples  distributed  In-between  the  12  groups  of 
4xbl -cells  along  the  middle  axis.  The  outputs  of  these  thermocouples  were 
recorded  simultaneously  along  with  cell  data  during  cycling.  Figure  3  shows 
a  typical  temperature  profile  encountered  during  a  2  A  (C/1)  discharge  cycle. 

The  temperature  increases  given  In  Figure  3  demonstrate  that  In  most 
probable  situations  even  at  very  high  discharge  rates  there  would  not  be  any 
serious  damage  to  the  cell  due  to  temperature  excursions  for  this  particular 
configuration. 


LITHIUM  CYCLING  AND  OPTIMIZATION 


The  lithium  foil  used  in  the  construction  of  practical  cells  has  to  be  optimized 
for  many  reasons:  first,  the  battery  grade  lithium  Is  an  expensive  material  and 
Its  consumption  must  be  kept  as  low  as  possible.  It  Is  also  difficult  to  produce 
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at  very  thin  levels,  l.e.  at  less  than  100  microns  where  lamination  takes  over 
the  direct  extrusion  processes.  The  other  factor  relates  to  the  fact  that  any 
excess  of  lithium  represents  an  important  penalty  particularly  as  to  the  volume 
energy  content.  For  example,  for  a  positive  electrode  having  a  5  C/cm2  surface 
capacity,  only  8  microns  of  lithium  are  stoiehlometrlcally  needed;  thus  using  a 
150  microns  commercial  lithium  would  represent  an  important  waste  of  costly 
material . 

Ill  the  present  studies,  two  types  of  lithium  were  tested: 

thin  lithium  foil  supported  on  a  metallic  current  collector 
unsupported  lithium  foil  for  use  in  bi-cells. 

The  tests  were  performed  .on  small  cells  of  4  cm2  areas.  The  data  on  lithium 
performances  was  characterized  by  F.O.M.  values  which  are  given  by: 

#  cycles  x  average  capacity 

F.O.M. - - 

available  lithium 

Different  lithium  excesses  were  calculated  depending  on  positive  electrode 
capacity  and  lithium  thickness.  Lithium  was  further  laminated  in  laboratory  from 
readily  available  commercial  battery  grade  lithium. (  Foote  or  Llthcoa) . 

For  bl-cells  using  unsupported  lithium,  F.O.M.  of  50  have  been  obtained  (  with  3 
excesses)  at  around  the  170  cycle. 

For  copper  supported  lithium,  F.O.M.  of  nearly  100  were  reached  for  a  2  excesses 
Li  foil  (13  microns)  at  the  320  t^1  cycle. 

The  electrolytes  used  were  modified  PEO-based  polymers  and  LICIO^  in  a  20:1 
ratio.  The  cells  were  cycled  at  60°C  a  C/4  discharge  rate  and  C/8  charge  regime. 
Deep  discharges  were  achieved  in  each  cycle  at  voltage  limits  of  1.5  to  3.3 
volts. 


IMPROVED  ELECTROLYTES  FOR  BETTER  CELL  PERFORMANCES. 

High  temperature  studies  (100°C)  have  shown  that  POE-based  electrolytes  suffer 
two  major  problems  which  are: 

a)  I.ow  material  utilizations  and  lithium  dendrite  growth  when  the  positive 
surface  capacities  exceed  8  to  10  C/cm2. 

b)  Inefficient  lithium  rechsrgeabillty  and  dendrite  growth  when  cells  are 

operated  at  temperatures  lower  than  70°C.  * 

These  particular  limitations  are  to  be  Imputable  to  the  high  crystallinity 
content  of  many  POE-based  electrolytes  and  to  their  relatively  poor  adhesive 
properties  which  hinder  the  formation  of  good  Interfaces.  Many  of  these 
disadvantages  have  been  solved  in  part  or  totally  by  modifications  to  the 
polymer  and  to  the  lithium  salts.  A  good  example  of  this  is  shown  in  Figure  4  in 
which  a  modified  POE-based  electrolyte  has  been  used  in  cycling  a  V0X/L1  cell  at 
96°C.  High  and  stable  utilizations  are  obtained  with  this  electrolyte  for  over 
150  cycles. 
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Figure  1.  Typical  cycling  profile  of  on*  tha  4*bl-eeii 

group  obtained  for  various  aortas  and  parallel 
configure Clone  of  the  10  Wh  damo-eell 


Figure  2.  Diacharge  eurvee  obtained  during  eerie* 
cycling  of  *i*  («)  **bl-cell  group* 
connected  in  a  10  V  aerie*  arrangement 


Figure  J.  Temperature  increaaea  recorded  vlch  three 
thermocouple*  embedded  inside  the  10  Vh 
demo -call  during  a  diacharge  performed 
at  a  C/1  regime. 


Figure  *.  Typical  cycling  profile  obtained  for  a 
VOj/ll  call  using  a  modified  FOE-b*e*d 
improved  *laecrolyta .  Voltage  limits 
1.5  and  3.)  V 
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A  POLYMERIC  ELECTROLYTE  RECHARGEABLE 
LITHIUM  BATTERY 

F.  Bonlno.  M.  Ottavlanl.  A.  Selvaggl  and  B.  Scrosatl 

Dipartimento  di  Chimica,  UniversitA  di  Roma 
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Complexes  of  polvlethylene  oxide),  PEO,  and  lithium  salts  (e.g.  L1CF3SO3  or 
LiC10,j)  are  promising  materials  as  advanced,  solid-state  polymeric  electrolytes  for 
the  development  of  high-energy,  lithium  batteries  (1-4). 

In  this  work  we  describe  the  characteristics  and  the  performance  of  one  type  of 
such  battery,  based  on  the  Li/Li^VjOo  electrodlc  couple. 

Figure  1  shows  the  potential  composition  curve  of  Lij+jjVjOg  obtained  at  100°C 
by  intercalation  (discharge)  and  deintercalation  (charge)  galvanostatlc  steps  in  a  cell 
using  the  (PEOlgLiCF^SOg  electrolyte.  A  single-phase  behaviour,  typical  of 
solid-solution  formation,  is  only  visible  up  to  an  x  value  of  about  1.5.  At  higher  Li* 
content,  a  structural  rearrangement  of  the  vanadium  bronze  takes  place;  a  new  phase 
appears  which  Is  In  equilibrium  with  that  corresponding  to  the  upper  limit  of  the  solid 
solution  (5-7)  and  thus  the  potential  tends  to  remain  constant  as  It  is  typical  of  a 
two-phase  region.  Detailed  x-ray  analysis  (5-7)  ha3  shown  that  these  changes  in 
structure  are  highly  reversible  and  thus  the  vanadium  bronze  electrode  can  be 
repeatedly  cycled  over  a  composition  range  of  0<x<3.  This  is  confirmed  by  the  matching 
between  the  potential  values  obtained  in  discharge  and  those  found  in  recharge  (Figure 
1). 

Figure  2  shows  the  cycling  behaviour  of  a  lithium-vanadium  bronze  batterv  using 
the  (PEO)gLiClO^  electrolyte.  The  capacity  decline  with  cycle  number  has  a  trend  otten 
observed  in  polymer  electrolyte  batteries,  as  typically  reported  with  svsrems  using 
the  cathode  material  (8-*))  and  the  same  Li( ...  V-.O.  material  assemoleo  ana 

tested  in  another  laboratory  <91.  This  trend  is  not  connected  with  an  irreversible 
alterations  of  the  structure  of  the  Lij ;0»  vanadium  bronze  out  rather  wit" 
macroscopic  factors,  such  as  deformations  and  contact  losses.  I.li>fr» 1  . 'm,  r.  <■;, 
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design  is  therefore  critical  in  this  cell  and  probably  in  the  generality  of  polymer 
electrolyte  systems. 
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POLYIETHLYLENE  0XIDE)-Cu(CF3S03>2 
POLYMER  ELECTROLYTE 
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Dipartimento  dl  Chlmica,  University  di  Roma  'La  Sapienza',  Roma,  Italy. 

ft  continously  growing  interest  is  devoted  to  polymer  electrolytes  because  of 
their  specific  advantages,  such  as  plasticity  and  ease  of  preparation  in  the  form  of 
thin  films.  The  majority  of  the  studies  have  been  so  far  focussed  on  complexes  between 
polyiethylene  oxide),  PEO,  and  lithium  salts,  which  may  find  application  as  polymer 
electrolytes  in  versatile,  high-energy  batteries. 

However,  iontcally  conducting  polymers  appear  now  to  be  of  importance  not  only 
in  the  battery  field  but  also,  and  perhaps  even  more  specifically,  in  electrochemical 
displays  and  sensors.  For  this  type  of  application,  the  use  of  polymer  complexes  based 
on  salts  of  metal3  less  reactive  than  lithium  may  be  advantageous.  Considering  that 
the  above  devices  are  generally  directed  to  the  consumer  market,  electrolytes  based  on 
common,  low-cost  metal  Ions  would  be  highly  desirable. 

Here  we  describe  the  characteristics  of  new  copper  polymer  electrolye3  formed 
by  the  combination  of  polyethylene  oxide)  and  copper  trifuoromethandsulfonate, 
(PEO'jjCuiCFjSOj)^.  at  various  molar  ratios  of  salt  to  polymer  repeat  unit. 

Figure  1  shows  that  the  conductivity  of  a  typical  example  of  these  electrolytes, 
i.e.  the  (PEO^CuCCFjSOjH  complex,  has  a  reproducible  behaviour  in  the  heating  and 
cooling  run,  with  a  curvature  which  is  typical  of  amorphons  PEO-based  conductors.  It  is 
worth  noting  that  the  total  conductivity  of  the  complex  is  quite  high,  reaching  values 
of  the  order  of  10"^  (ohm  cm)'*  around  100°C. 

By  d.c.  measurements  under  blocking  conditions,  the  electronic  contribution  to 
the  total  conductivity  has  been  evaluated  and  also  reported  in  Figure  1.  Tne  Outer en  r 
between  the  total  and  the  electronic  conductivity,  which  mav  be  considered  as  the  pure 
ionic  conductivity  of  the  polymer  electrolyte,  increases  as  temperature  increases,  rr 
become  greater  than  two  orders  of  magnitude  at  about  |hi)=c. 
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Finally,  d.r.  polarisation  studies  surest  that  copper  ions  are  the  main  m: 
carriers  and  thus  that  the  <PEO>xCu'CF;.SO-J;  complexes  mav  indeed  considered  as  new 


polymer  copper  ion  conductors. 
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INTRODUCTION 

Since  the  early  work  [1,2]  on  the  polymer  electrolytes  forme/d  between 
polyethylene  oxide  (PEO)  and  alkali  in  tal  salts  (MX)  experimental  Investiga¬ 
tions  of  ion  transport  have  ,  predominantly  utilized  electrical  condletlvlty 
measurements.  Recently,  direct  studies  of  the  diffusion  of  Ions  In  these 
materials  have  been  reported  [3]  using  radiotracer  or  nuclear  magnetic 
resonance  techniques.  Most  of  the  work  has  centred  on  MX. PEO  complexes  and  a 
major  conclusion  Is  that  both  cations  and  anions  are  mobile  In  these  materials. 
In  this  contribution  we  will  report  the  results  of  radiotracer  diffusion 
measurements  for  the  Ions  In  complexes  between  NaSCN  and  PEO  and  between  NaSCN 
and  polypropylene  oxide  (PPO).  The  objective  of  the  work  is  to  establish  the 
transport  number  of  the  Ions  and  to  obtain  Information  on  the  diffusion 
mechanism  by  correlating  diffusion,  D,  and  Ionic  conductivity,  0,  results. 

In  a  tracer  experiment  the  labelled  Ions  are  distinguishable  and 
correlations  between  successive  diffusive  steps  must  be  considered.  Thus  the 
tracer  diffusion  coefficient,  D* ,  <3  related  to  the  ’random"  D  via 

D  -  fD  ( 1 ) 


where  f  Is  the  correlation  factor.  The  magnitude  of  f  contains  Information  on 
the  diffusion  mechanism  [M]  and  can  be  determined  experimentally  from 
measurement  of  a  and  D*  I.e.  from 
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He  have  reported  [b]  22Na*  and  s'^CN”  diffusion 
present  new  results  for  NaSCN. PEOx  with  x  »  b  and 
metal  3alts  with  PPO  are  amorphous  at  all  temperatures 
direct  diffusion  measurements  In  PPO  complexes  and 
s’,(CN~  diffusion  measurements  In  NaSCN. TPOg. 


(2) 

In  NaSCN. PEOg  and  we  will 
12.  Complexes  of  alkali 
.  He  have  made  the  first 
will  present  2?Na*  anq 
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EXPERIMENTAL 

I  PEO  (molecular  weight  5  x  10^)  was  obtained  from  BDH  Ltd.  The  PPO  was 

obtained  from  Hercules  Incorporated  In  the  form  of  PAREL  58  elastomer.  Films  of 
NaSCN.PE0x  were  prepared  by  casting  from  a  solution  of  the  components  In 
acetonitrile  or  methanol  (BOH  Analar  grades).  In  order  to  obtain  samples  thick 
enough  for  diffusion  studies  (-3  mm  thick)  the  casting  procedure  had  to  be 
repeated  several  times.  Films  of  NaSCN.PPOg  were  prepared  In  a  similar  manner. 
However,  an  Improved  method  of  preparing  diffusion  samples  of  this  material  was 
1  developed  which  Involved  pressing  small  pieces  of  pre-cast  film  In  a  Teflon  die 

at  M00K  under  vacuum.  The  conductivity  of  cast  and  pressed  films  were  the 
same. 

Diffusion  samples  (5  to  15  mm  diameter  x  -3  mm  thick)  were  affixed  to 
i  stainless  steel  mounts  with  epoxy  resin.  The  top  surfaces  were  mlcrotomed  flat 

and  radiotracers,  22Na  and  s' ^CN  (Amersham  Ltd),  were  applied  by  painting  on  a 
solution  of  the  salt  In  an  organic  solvent.  The  diffusion  couples  were 
|  annealed  under  vacuum  for  known  times  at  fixed  temperatues.  After  the  anneal 

thin  sections,  20  or  kOpm,  were  mlcrotomed  from  the  surface  and  the  activity  In 
each  section  assayed  by  liquid  scintillation  counting.  The  sectioning  of  the 
PPO  samples  was  performed  by  cooling  the  samples  on  a  specially  developed 
cold-stage  for  the  microtome.  Diffusion  coefficients  were  evaluated  from  plots 
of  log(actlvlty)  versus  (penetration  depth)2  [5]. 

Additional  conductivity  measurements  were  taken  with  a  Hayne-Kerr  B221 
bridge  operated  at  50kHz. 


RESULTS 

A  detailed  discussion  of  the  diffusion  profiles  in  NaSCN.PEOg  has  already 
been  reported  [5].  The  profiles  Tor  all  the  NaSCN.PE0x  were  similar  Tor  all 
compositions.  The  Interest  Is  In  the  high  conductivity  region  above  3*t0K  and 
the  results  In  this  region  were  fitted  to  the  Arrhenius  equation, 

D*  -  D*  exp  -Q/kT  (3) 

Here  D*  and  Q  are  the  pre-exponential  factor  and  activation  energy,  respec¬ 
tively.  The  results  of  those  fits  are  given  In  Table  1.  It  Is  worth  noting 
that  the  SON"  Ion  is  more  mobile  than  the  Na*  Ion  at  all  temperatures  and  In 
all  samples.  In  addition,  D*  for  each  Ion  shows  little  dependence  on 
composition. 
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Ciood  profiles  were  obtained  for  22Na  and  s’^CN  diffusion  In  NaSCN.PPOg  and 
the  Arrhenius  parameters  are  given  In  Table  1.  In  the  temperature  range 
studied  [)*  wa3  virtually  the  sam"  for  both  Ions. 

TABLE  1  ' 

Radiotracer  Diffusion  Data  for  NaSCN.PEOx  and  NaSCN.PPOg  ' 

22Na  S1  "cm 


D0/m2s’'  Q/kJmol*'  D0/m2s-'  Q/kJmol'1 


NaSCN.PEOg  T-3R0 

to 

<I30K 

1.7 

X 

CO 

1 

o 

NaSCN.PEOg  " 

II 

II 

7.7 

X 

10"7 

NaSCN.PEO)?  " 

II 

II 

8.0 

X 

I0*7 

NaSCN.PPOg  T=330 

to 

430K 

1.6 

X 

o 

1 

ro 

25+6 

6.5 

X 

10*7 

35+10 

36+2 

1  .0 

X 

10"7 

29+5 

36+3 

2.3 

X 

10~7 

30+5 

75+5 

1.3 

X 

10'2 

71+6 

DISCUSSION 

The  objective  of  this  work  Is  to  compare  the  diffusion  and  the  conductiv¬ 
ity  In  these  materials.  For  the  PEO  films  this  13  complicated  by  the  fact  that 
the  samples  contain  crystalline  and  amorphous  regions.  The  values  of  D*  only 
reflect  motion  In  the  amorphous  regions.  The  conductivity  In  the  amorphous 
region  has  been  evaluated  using  the  phase  diagram  determined  from  differential 
scanning  calorimeter  measurements[6].  This  was  used  to  calculate  a  "conductiv¬ 
ity"  diffusion  coefficient,  D0,  via  equation  (1)  using  f  »  1.  In  this 

calculation  N  for  the  amorphous  phase  was  also  evaluated  from  the  phase 
diagram.  Thus  there  are  relatively  large  uncertainties  In  the  calculation, 
particularly  Tor  films  with  a  high  salt  concentration.  The  comparison  of  D0 
and  the  total  D* ,  D*.  (defined  as  D*  -  dJJ3  ♦  DgCN)  Tor  NaSCN.PEOx,  with  x  -  8 
and  1?  are  shown  In  Figure  1.  At  the  highest  temperatures,  in  both  systems, 
Dt  is  very  close  to  D0  suggesting  f  -  1.  At  lower  temperatures  D*  >  Dfl  and 
there  are  two  possible  explanations.  Firstly,  the  diffusion  may  contain  a  con¬ 
tribution  from  the  motion  of  uncharged  species,  e.g.  Ion  pairs,  which  do  not 
contribute  to  o.  Secondly,  the  discrepancy  may  reflect  uncertainties  In  the 
evaluation  of  D0.  Unfortunately,  the  smaller  discrepancy  in  NaSCN.PEOg  Tits 
both  explanations,  although  we  tend  to  favour  the  latter  of  the  two. 

The  fully  amorphous  nature  of  NaSCN.PPOg  makes  for  a  simpler  evaluation  or 
D0  and  Its  comparison  with  D*.  The  comparison  is  shown  In  Figure  2.  In  thl3 


log  D/m 


1.4 


'i 

ii 

case  >  D0,  however,  the  discrepancy  Is  only  Just  outside  the  experimental 
error.  The  activation  energies  for  the  two  measurements  are  virtually 
1  dent  i cal . 


FIGURE  t  FIGURE  2 

(a)  MaSCM.PEO,2  <b)  NaSCN.PEOg  NaSCN.PPOg 

[the  error  bars  represent  the  error  estimate  on  D*] 


REFERENCES 

1.  P.V.  Wright;  Brit.  Polymer  J.,  1973,  7,  31 9. 

2.  M.B.  Armand,  J.M.  Chabagno  and  M.J.  Buclot,  In  "Fast  Ion  Transport  In 

Solids"  ed.  P.  Vashlshta,  J.N.  Hundy  and  G.K.  Shenoy,  North-Holland, 
Amsterdam,  1979,  p.  131. 

3.  A.V.  Chadwick  and  H.R.  Worboys  In  "Developments  In  Polymer  Electrolytes" 

eds.  J.R.  MacCallun  and  C.A.  Vincent,  Elsevier,  Amsterdam,  1 987 ,  chapter  9. 

*1.  A.D.  LeClalre  In  "Physical  Chemistry-  An  Advanced  Treatise",  Vol  10,  ed.  W. 

Henderson,  H.  Eyring  and  W.  Jost,  Academic  Press,  New  York,  1970,  chapter 
5. 

5.  A.V.  Chadwick,  M.R.  Worboys  and  J.H.  Strange;  Solid  State  Ionics,  1983, 
9/10,  1155. 

6.  C.  Berthier,  W.  Goreckl ,  M.  Mlnler,  M.B.  Armand,  J.M.  Chabagno  and  P. 

Rlgaud;  Solid  State  Ionics,  1983,  11,  91. 


PRELIMINARY  RESULTS  ON  A  NEW  POLYMER  ELECTROLYTE, 
Hg(C104)2  :  POLY (ETHYLENE  OXIDE) 

P.G.  Bruce  and  F.  Krok* 

Department  of  Chemistry, 

Heriot-Watt  University, 

Riccarton,  Edinburgh, 

Scotland. 

J.  Evans  and  C.A.  Vincent, 

Department  of  Chemistry, 

St.  Andrews  University, 

St.  Andrews,  Fife, 

Scotland. 


Recent  years  have  witnessed  a  growing  interest  in  the 

preparation  and  characterisation  of  solid  polymer  electrolytes 
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containing  salts  with  divalent  cations.  '  '  In  some  cases  both 
ions  appear  to  be  mobile  while  in  others  only  one  ionic  species 
supports  conduction.  Divalent  mercury  compounds,  eg.  HgCl2  ,  have 
been  incorporated  into  a  polymer  matrix,  however  they  exist  as 
discrete  molecules  within  the  polymer.  To  our  knowledge  ionic 
mercury (II)  salts  have  not  been  introduced  into  solid  polymers. 
Here  we  present  some  preliminary  results  on  a  new  polymeric 
electrolyte,  Hg(C104>2  :  poly (ethylene  oxide). 


♦On  leave  from  The  Institute  of  Physics,  Warsaw  Technical 
University,  Poland. 
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Film  Preparation 

All  operations  were  carried  out  in  a  high  integrity  argon 
filled  glove  box.  Films  were  prepared  by  solvent  casting  from 
acetonitrile;  the  acetonitrile  (Aldrich,  99%, gold  label)  was  used 
without  further  purification.  Hg(C104)  . 3H20  (Alfa,  >  99%)  was 
first  dissolved  in  acetonitrile  and  the  resulting  solution  dried 
by  adding  an  excess  of  freshly  activated  molecular  sieve. 
Comparison  of  the  IR  spectra  for  this  solution  before  and  after 
addition  of  the  molecular  sieve  with  that  of  pure,  rigorously 
dried,  acetonitrile  confirmed  that  the  water  of  crystallisation 
had  been  removed,  at  least  within  the  resolution  of  the  IR 
technique.  Poly (ethylene  oxide) (BDH,  m.wt.  5  million)  was  dried 
at  50°C  under  vacuum  for  48  hours  prior  to  use.  Appropriate 
quantities  of  this  polymer  were  added  to  the  mercury  perchlorate 
in  acetonitrile  after  removing  the  molecular  sieve,  the  resulting 
solution  was  stirred  continuously  for  24  hours.  Films  were  then 
cast  on  a  teflon  plate  or  mercury  surface,  with  the  solvent  being 
allowed  to  evaporate  slowly  at  room  temperature. 

Near-transparent  films,  typically  50-200  ;im  thick,  were  obtained 
by  this  method.  No  evidence  for  the  presence  of  acetonitrile  or 
H20  was  observed  in  the  infra-red  spectra  of  these  films. 

Only  one  electrolyte  composition,  (PEO)2Q  Hg(C104)2  is 
discussed  in  this  abstract,  results  for  additional  compositions 
will  be  presented  at  the  conference. 

Phase  Identification 

Powder  X-ray  diffraction  patterns  of  the  20:1  electrolyte 
indicated  that  the  films  were  amorphous  to  X-rays.  If  crystals 
do  exist  they  must  be  of  very  small  dimensions. 

Electrical  Characterisation 

The  polymer  electrolyte  conductivity  was  determined  by  ac 
impedance  measurements  using  a  two  electrode  technique.  The 
electrolyte  films  was  supported  in  a  teflon  bodied  cell  between 
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two  mercury  filled  reservoirs,  each  mercury  pool  was  in  turn  in 
contact  with  stainless  steel  cylinders  that  facilitated 
electrical  connection  to  the  impedance  equipment.  The  entire 
cell  was  assembled  within  the  glove  box  and  inserted  into  a  gas- 
tight  pyrex  chamber  with  screened  electrical  breakthroughs;  this 
permitted  removal  of  the  cell  from  the  glove  box  for  subsequent 
impedance  measurements.  Temperature  control  was  achieved  by 
mounting  the  pyrex  cell  inside  a  non-inductively  wound  tube 
furnace  controlled  to  +  1°C. 


Fig.  1  Complex  impedance  plot  for 
the  two  electrode  cell  Hg/(PEO)2Q 
Hg(C104)2/Hg  at  35°C.  The 
impedance  has  not  been  corrected 
for  the  cell  dimensions. 


A . C.  impedance  data  were  collected  using  a  Solartron  1250  and 
1286  Electrochemical  Interface.  A  typical  complex  impedance  plot 
is  shown  in  Fig.  1;  the  semicircle  at  high  frequencies  is 
associated  with  the  bulk  electrolyte  impedance,  the  dc 
conductivity  may  be  estimated  from  the  low  frequency  intercept  on 
the  real  axis.  The  low  frequency  spike  is  indicative  of  blocking 
electrode  behaviour,  this  suggests  that  the  ionic  conductivity  is 
largely  due  to  the  migration  of  perchlorate  anions  with  the 
mercury  ions  remaining  essentially  fixed  in  the  polymer  matrix. 
The  temperature  dependence  of  the  electrolyte  conductivity  is 
shown  in  Fig.  2.  On  heating  (data  points  indicated  by  crosses  on 
on  Fig.  2)  two  regions  are  observed;  at  low  temperatures 


the  plot  is  linear  with  an  activation  energy  of  2.0  eV,  at  high 
temperatures  the  plot  appears  to  be  curved,  however  more  data 
points  are  required  to  confirm  this  curvature.  On  cooling  (open 
boxes  indicate  those  points  obtained  on  cooling)  significant 
hysteresis  is  observed  below  the  transition  temperature,  at  these 
lower  temperatures  the  conductivity  slowly  falls  to  the  value 
observed  on  heating. 


-l 

-l.j 

Fig.  2  Log  a  against  lOOO/T  for  .j 
the  20:1  electrolyte,  +  =  heating  ^ 
cycle,  Q=cooling  cycle. 
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Conclusions 

A  new  polymer  electrolyte  Hg(Cl04)2:  poly (ethylene  oxide) 
has  been  prepared  and  preliminary  characterisation  carried  out. 
Measurements  suggest  that  the  electrolyte  is  a  perchlorate  ion 
conductor.  The  temperature  dependent  conductivity  of  the  20:1 
composition  exhibits  a  linear  Arrhenius  region  at  low 
temperatures  and  is  apparently  curved  at  high  temperatures. 
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In  viscoelastic  films  of  poly(ethylene  oxide)  (PEO)  and  other  polymer 
solvents  containing  dissolved  salts,  such  as  l.iClO^,  t.iCNS  and  NaCNS,  it  is 
now  accepted  that  ion  migration  involves  liquid-like  motions  of  ions  and 
polymer  segments  [1,2].  This  viewpoint  is  consistent  with  the  adherence  of 
transport  properties  (notably  the  conductivity)  to  the  well-known  Vogel- 
Tamman-I'u Iclier  equation  where  o  =  A  exp[-B/(T  -  T  )  1  where  is  the  zero 
mobility  temperature  (somewhat  lower  than  T  )  [3]. 

Outstanding  questions  concern:  (i)  the  extent  of  ionic  dissociation  in 
these  polymer  solvents,  and  (ii)  the  nature  of  mobile  species  (i.e.  the  share 
of  the  total  current  carried  by  the  anions  and  cations,  respectively).  To 
address  these  issues  we  have  investigated  the  behaviour  of  solutions  of 
l.i ,  Na  and  K  thiocyanates  in  liquid  polymers  which  arc  low  molecular  weight 
(non-crvstal 1 i sable)  copolymers  of  ethylene  oxide  (EO)  and  propylene  oxide 
(PO)  1 4 1 . 

Pig.  (I)  shows  the  dependence  of  molar  conductivity.  A,  on  [c  for 
l.iCNS,  NaCNS  and  KCNS  at  5S°C  [5].  There  is  a  well  defined  pattern  of 
conductivity  minima  and  maxima  providing  strong  indications  of  ion  association 
and  ion  redi ssoci at  ion  effects. 

We  account  for  these  trends  (and  other  observations,  sec  below)  in  terms 
of  a  very  simple  model,  Pig.  (2).  The  key  features  of  this  arc: 

(i)  the  strong  intramolecular  solvation  of  cations  by  oxygens  in  the  polycther 
chains,  (ii)  concentration  dependent  ion  association,  (iii)  the  relative 
mobility  of  the  anions,  and  (iv)  the  ability  of  these  mobile  ions  to  act  as 
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transient  crosslinks  through  electrostatic  interactions  with  l.i*  ions 
solvated  hy  neighbouring  polymer  chains. 

We  see  in  Tig.  (2) (a)  a  situation  where  ion  association  effects  predominate 
at  low  concentrations,  and  the  conductivity  minimum  is  observed.  In 
Fig.  (2)(b),  we  see  redissociation  occurring  at  higher  concentrations.  This 
latter  effect  accounts,  clearly,  for  the  rise  in  A,  but  also  for  its  subsequent 
decline  as  "crosslinking"  effects  lead  to  reduced  segmental  mobility,  and 
ion  drag  effects  become  more  important. 

This  model  has  important  (and  largely  discouraging)  implications  for  the 
operation  of  Li -polymer  batteries  at  low  (i.e.  ambient)  temperatures.  It 
implies  that  most  of  the  current  is  carried  by  the  anions,  and  that  t^j-f  is 
very  small. 

This  conclusion  is  confirmed  by  transport  number  determinations  using  the 
classical  Hittof  technique  with  cells  of  the  type: 

llg(cathode)  |  NaCNS(catholyte)  I  NaCNS  l  NaCNS(anolyte)  I  Na  amalgan(anode) 

The  value  of  is  determined  by  chemical  analysis.  Typically  values  of 

tCNS'  are  or  8reater  '  consistent  with  the  model  proposed,  and  also  some 
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In  a  previous  paper  Ill,  we  have  described  a  composite 
solid  polymer  electrolyte  able  to  keep  its  electrochemical 
properties  upon  a  long  term  storage.  In  addition  to  the  basic 
polyethyleneoxide  <PE0) - 1 lthlura  salt  system,  our  material  Includes 
an  elastomer  poly (butadiene-co-acryloni tr i le )  and  a  styrenlc 
macromonoraer  of  PEO  <SEQ> .  A  thermal  treatment  of  the  whole 
system  causes  a  radical  crossllnklng  process,  which  pins  the 
amorphous  phase  at  low  temperature.  A  primary  battery  with 
Ll/KnO.-  electrodes  was  stored  1670  days  with  no  change  in  the 
resistance  for  the  last  1400  days  and  keeping  half  of  its  Initial 
capacity. 

This  paper  is  dealing  with  some  data  obtained  from  a.c 
conductivity  and  V. A.X.S  measurements  in  order  to  get  a  better 
understanding  of  the  effect  of  the  macromonomer  on  the 
e lectrocheralcha 1  properties. 

The  solid  electrolytes  were  obtained  by  casting  a 
solution  of  the  dlfferent3  constituents  (PEO,  macromonomer, 
elastomer  and  LiCFjSO,)  in  acetonitrile.  In  the  following,  the 
ratio  PEO/SEO  <w/w)  will  be  used  to  reference  the  samples.  Those 
were  then  heated  at  150°C  during  one  night  and  then  stored  at  room 
temperature  under  an  argon  atmosphere. 

The  temperature  dependence  of  the  ionic  conductivities 
were  obtained  from  ac  Impedance  measurements  over  a  frequency 
range  between  0.1  Hz  and  65  kHz,  using  a  2020  button  cell  in  which 
the  electrolyte  was  packed  between  either  two  Li  or  Hi  electrodes 
of  the  same  diameter,  with  decreasing  temperatures  from  100°C  to 
room  temperature. 

X-ray  diffraction  was  carried  out  by  exposing  the  samples 
to  nickel-filtered  CuKa  radiation  at  amblant  temperature  for  200 
seconds.  The  intensity  of  the  diffraction  lines  was  plotted  vs. 
the  diffraction  angles  0  from  5°  to  15°. 
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Fig.l  displays  the  temperature  dependence  of  the  conduc¬ 
tivity  for  electrolytes  having  various  macromonomer  concentration 
by  using  a  cell  with  blocking  electrodes  (HI).  The  same  bulk 


Fig  1.  Temperature  dependence  of 
bulk  conductivity  for  eletrolytes 
having  various  proportions  of  SEO. 


resistances  were  also  obtained  with  cells  having  two  non-blocking 
Li  electrodes  allowing  the  measurements  of  both  bulk  and  transfer 
resistances.  This  behaviour  can  be  described  by  an  Arrhenius-type 
relation  valid  for  each  of  the  two  temperature  ranges.  The 
conductivity  was  found  to  increase  with  the  macromonomer 
proportion  and  a  value  of  10~*  S.cm-'  at  room  temperature  was 
measured  with  the  40/60  electrolyte. 

The  activation  energy  Ea  of  the  ion  conduction  mechanism 
is  a  decreasing  linear  function  of  the  macromonomer  concentration 
(except  for  the  80/20  electrolyte)  from  2.1  to  0.5  eV  for  the 
temperatures  below  the  transition  temperature  between  the  two 
segments.  At  higher  temperatures,  Ea  is  staying  at  a  constant 
value  around  0. 44  eV. 

The  discontinuity  at  the  transition  temperature  for  the 
80/20  electrolyte  has  to  be  pointed  out.  Such  a  feature  was 
observed  by  Robitaille  121  with  the  PEO-LiCFaSO*  system  in  all  the 
composition  range  and  the  corresponding  temperature  was  attributed 
to  the  eutectic  melting  temperature.  This  electrolyte  displays 
also  an  Important  discontinuity  when  measuring  the  Ea  values, 
lower  than  the  other  ones. 


The  temperature  dependence  of  the  transfer  resistances  Is 
shown  In  Fig  2.  Once  again  Is  underlined  the  difference  between 
the  80/20  electrolyte  and  the  other  ones.  The  two  latter  are 
displaying  almost  the  same  values  lower  than  the  first  one. It  Is 
noteworthy  that  the  three  electrolytes  cannot  be  described  by  a 
VTF  equation. 
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Fig  4.  Intensity  of  various 
diffraction  lines  related  to 
non-eoraple:ced  <a>  and 
coraplexed  (b)  PEO. 


Fig  3.  Diffraction  patterns  of 
PEO/e lastomer/SEO  without  (a) 
and  with  <b>  lithium  salt. 


Fig. 3  Is  showing  two  diffraction  patterns,  without  and 
with  the  lithium  salt.  The  assignments  of  the  diffraction  lines 
were  made  in  reference  to  those  of  the  PEO  and  PE0-L1CF  ,SO ,  as 
described  previously  C2,31.  The  lines  3  and  6  <29  =  0.334  and 
0.400  rad)  were ' attributed  to  the  crystal ' l^ed  PEO  in  x  raonoclinic 
unit  cell.  The  addition  of  the  salt  produced  the  new  lines  1,2,4 
and  5 . 

The  measurements  of  the  Bragg  angle  values  at  room 
temperature  show  that  the  addition  of  the  elastomer  and  the 
macromonomer  does  not  alter  the  raonoclinic  unit  cell  of  the 
crystallized  PEO  <Fig  3a>.  As  a  consequence,  the  macroraonomer 
seems  not,  to  make  a  solid  solution  with  the  crystallized  PEC  and 
to  be  staying  In  the  amorphous  phase.  Vhen  auding  the  salt,  no 
new  diffraction  lines  appeared,  as  compared  to  the  diffraction, 
pattern  of  the  simple  PEO-salt  system.  nevertheless,  the 
Intensity  of  the  diffraction  lines  of  the  non-complexed 
crystallized  PEO  Is  decreasing  when  adding  the  macromonomer  while 
those  of  the  complexes  are  Increasing  <Fig.4>.  This  result  could 
be  explained  by  assuming  first  that  the  macromonomer  acts  as  a 
diluent  of  the  PEO,  restricting  Its  crystallization  and  second 
that  the  lithium  salt  is  preferentially  complexed  with  the 
macromonomer  ethoxy  units  giving  small  crystallites  allowing  easy 
exchange  with  the  amorphous  phase  and  then  not  disturbing  too  much 
the  conduction  mechanism. 
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Aminosils  are  new  solid  protonic  electrolytes  obtained  by  sol-gel  process,  by 
dissolving  an  acid  in  a  solid  material.  The  starting  material  is  an  organically  modified  silicate 
which  gives,  after  hydrolysis  and  condensation,  an  organic-inorganic  glass. 

The  silica  network  gives  good  mechanical  resistance  and  'good'  thermal  stability.  The 
organic  radicals  solvate  the  acids.  For  that  reason  alkoxysilane  carrying  a  strong  basic 
radical  like  (CH3)2  NH2  have  been  chosen. 

The  chemical  formula  of  aminosil  is  then  : 

(SiO)3/2(CH2)3NH2,(HX)x 

with  a  molecular  mass  around  3  000  and  a  density  of  1 .3. 

The  conductivity  was  studied  as  a  function  of  the  nature  of  the  acid,  its  concentration 
and  with  variable  temperature.  The  best  conductivity  (10'3  11^  cm'1  at  120°C)  is  given 
by  :  x  =  0.1  for  HX  =  HCF3S03 

(SiO)3/2(CH2)3NH2,  (HCF3SO3)01 

FIGURE  1  gives  the  variation  of  conductivity  o  with  temperature  for  different 

concentrations  of  perchloric  acid.  The  variation  of  o  with  temperature  is  interpreted  by  the 
tree  volume  transport  theory. 
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I.  Introduction. 

Our  laboratory  has  been  Involved  In  the  research  for 
polymer  electrolytes  for  some  years  and  has  concentrated  on 
covalently  crossllnked  polymers  for  which  it  was  hoped 
besides  the  advantages  of  solid  electrolytes  some  improved 
mechanical  properties  (1,2). 

From  the  point  of  view  of  the  m  a  c  r  o  s  t  r  u  c  t  u  r  e  the 
electrolytes  based  on  organic  polymer  network  can  be  divided 
Into  two  classes,  l.e.  the  networks  containing  the  lonlsable 
functions  under  the  form  of  salts  dissolved  or  dispersed  in 
the  material  and  the  networks  for  which  the  ionisable 
functions  are  covalently  linked  to  the  mac romo 1 e cu 1 ar 
chains.  This  second  class  is  sometimes  called  se 1 f -i on  1 sa b 1 e 
polyelectrolytes. 


2.  Synthesis  of  self  ionisable  networks. 

The  Synthesis  of  self  lonlsable  networks  brings  new 
problems  because  the  cations  being  generally  solvated  by 
interactions  with  the.  chain  segments  the  material  la  more  or 
!ess  a  solid  or  a  material  of  high  viscosity,  being 
crossllnked  or  not.  There  are  two  ways  of  obtaining  these 
materials,  either  the  ionisable  functions  are  introduced 
before  crosslinking  and  this  last  operation  is  very 
difficult  due  to  the  high  viscosity  of  the  system,  or  the 
crossllnklng  reaction  is  achieved  before  the  introduction  of 
the  proper  lonlsable  function.  Thence,  this  last  operation 
must  be  done  within  a  solid.  This  is  always  difficult  even 
if  the  solid  has  a  high  swelling  ability.  Limitation  of  the 
ionisable  functions  content  to  get  a  better  processability 
Is  detrimental  to  the  final  conductivity  of  the  electrolyte. 
Up  to  now  the  success  of  the  synthesis  of  a  given  material 
is  the  result  of  a  delicate  balance  between  contradictory 
technical  requirements.  To  our  best  knowledge  there  are  only 
few  attempts  to  produce  self  ionisable  networks  (3-6).  In 
our  laboratory  the  most  studied  system  is  obtained  by 
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lithium  hydroxide.  In  another  example  self  lonlsable 
networks  are  synthesised  from  a  polyol  on  which  part  of  the 
hydroxyllc  groups  have  been  transformed  Into  the  lithium 
salt  of  complex  anions,  according  to  (4): 

ROH  +  n  BULi  - ►  R0L1  +  n  BUH 

R0L1  +  SbClj  - *■  ROSbCl5”,Li  + 

the.  remaining  hydroxyllc  functions  borne  by  the  radical  R 
being  used  for  c  ros  s  1 1  nk  1  ng .  In  this  context  we  have  used 
polyether  trlol  ( MW  -  2600),  corresponding  to  the  structure: 

CH- -( O-CH, -CH( CH, ) -0 )  -( CH.-CH, -0 )  -H 

I  /  c  J  ■  L  L  n 

CH-(0-CH,-CH<CH,)-0)  -( CH, -CH, -0 )  -H 

,  2  3  m  2  2  n 

CH2-(0-CH2-CH(CH3)-0)a-(CH2-CH2-0)n-H 

or  comblike  polymers  such  as  pol y ( d lme t hy 1 s 1 loxane )  grafted 
with  polyether.  The  polyether  branches  consist  of  a  two 
blocks  copolymer  poly ( e thy lene  ox ide-b-propy lene  oxide).  The 
preparation  of  these  materials  is  difficult,  particularly 
when  the  grafted  si loxane  Is  used.  Monosalts  of 
per f luor 1 na ted  dicarboxyllc  acids  have  been  also  used  to 
functionalize  polyether  polyols  before  crosslinking 
according  to  the  following  chemistry: 

H00C-(CF2  )3-C00H  +  MOH  — ►  H00C-(  CF2  )3-C00M  +  H2<) 

hooc-(cf2 )3-coom  +  soci2  —*■  cioc-(cf2 )3-coom  +  so2  ♦  HC1 

C10C-(CF2 )3-C00M  +  ROH  — *■  R00C-( CF 2 ) 3 -COOM  ♦  HC1 

where  H  Is  the  lithium  metal,  and  ROH  is  actually  the  same 
polyether  trlol  as  the  one  described  above. 

Generally,  the  system  to  be  crosslinked  is  placed  Inside  a 
mold  consisting  In  two  glass  plates  separated  by  a  joint  of 
known  thickness  so  as  to  obtain  the  materials  under  the 
shape  of  a  calibrated  membrane.  This  technology  has  been 
used  In  the  case  of  networks  filled  by  salts  as  well. 

3.  Transport  properties  of  self  lonlsable  networks. 

3.1.  Dynamic  mechanical  properties 

Dynamic  mechanical  properties  have  been  studied  for  some 
self  lonlsable  networks  based  on  the  oxy-  and  thio- 
phophorous  trichloride  chemistry  described  above  (section 
2).  Measurements  have  been  performed  at  11  Hz.  The  same 
general  behaviour  as  in  the  case  of  polyether  networks 
filled  with  salts  has  been  observed  (3).  The  problems  linked 
with  the  synthesis  are  sometimes  reflected  In  the  width  of 
the  relaxation  spectrum. 
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It  Is  worth  noting  that  the  glass  transition  temperature  is 
decreasing  with  Increasing  molecular  weight  of  the  polyol 
used  for  the  synthesis,  l.e.  with  the  decreasing 
concentration  of  the  lonlsable  functions. 

3.2.  Magnetic  nuclear  relaxation. 

Molecular  processes  characterised  by  low  relaxation 
frequencies  can  be  examined  through  the  transverse 
magnetisation  relaxation  function  (3).  The  movements  and  the 
"freezing"  of  the  ions  follow  closely  the  extent  of 
segmental  motions  allowed  at  the  considered  temperature^  as 
<j|n  be  seen  for  the  llnewldth  of  the  resonance  of  the  L|  , 
P  (belonging  to  the  anions  linked  to  the  chains),  and  H 
(belonging  to  the  chain  segments)  nuclei.  This  result  Is 
easily  accounted  for  assuming  that  the  movements  of  chain 
segments  represent  the  limiting  process  the  fluctuations  of 
the  local  free  volume  which  is  at  the  origin  of  the 
movements  of  these  three  nuclei. 

This  fact  strongly  supports  the  Interpretations  given  for 
the  general  explanation  of  the  transport  properties  of  the 
electrolyte  networks.  But  probably  the  most  Interesting 
finding  In  these  last  experiments  is  that  the  self  lonlsable 
networks  behave  In  a  similar  way  as  the  networks  filled  with 
salts. 


3.3.  Ionic  conductivity. 

The  ionic  conductivity  of  some  self  lonlsable  networks 
based  on  the  phosphorous  chemistry  described  above  has  been 
studied  by  the  well-known  complex  Impedance  plot  method. 

The  results  showed  that  geny a  1 ly _ j t he  _  f  onduc 1 1 vi t y  Is 
rather  poor,  being  around  10  Ohm  .cm  at  100*C.  As 
already  observed  for  networks  filled  with  salts,  a  decrease 
of  the  glass  transition  temperature  brings  about  an  Increase 
of  the  conductivity.  The  networks  synthesised  with 
phosphorous  t h 1 o t r 1 ch lo r 1 d e  exhibit  a  higher  conductivity 
than  the  one  of  the  networks  based  on  phosphorous 
oxychloride.  In  spite  of  a  higher  glass  transition 
temperature.  This  result  is  explained  assuming  a  higher 
dissociation  degree  of  the  lonlsable  functions.  This 
Interpretation  was  confirmed  by  the  fact  that  the 
Introduction  In  the  network  of  a  solvent  of  a  high 
dielectric  constant  largely  improved  the  conductivity. 

The  Ionic  conductivity  of  membranes  based  on  polyether 
trlol  (MW  -  2600)  bearing  one  pe r f 1 uor I na t ed  lithium 

carboxylate  function  per  chain  was  slightly  higher  than  the 
one  of  the  po  1  y  (  s  1  lox,a  ne  )  grafted  with  polyether  (total  MW  - 
9200).  This  observation  is  consistent  with  the  previous 
finding  that  the  conductivity  of  membranes  composed  of  a 
polyether  network  filled  with  an  lonlsable  salt  was  strongly 
dependant  on  the  crosslinking  density.  The  conductivity 
observed  In  the  case  of  the  self  lonlsable  networks  based  on 
the  above  trlol  and  the  lithium  a  1 k ox y pe n t a f l u o r oa n 1 1 mon a t e 
function  was  fair,  corresponding  to  one  Ion  per  initial 


mac  r<j>mo  1  ^cula  r  chain  before  crosslinking,  better  than  10 
Ohm  cm  at  25’C.  The  better  conductivity  of  this  last 
material  is  assigned  to  the  better  dissociation  of  the 
functions. 

3.4.  Ionic  transport  auibers  . 

Only  a  few  studies  have  been  devoted  to  the  evaluation  of 
the  cationic  and  the  anionic  transport  numbers.  This  study 
has  been  done  using  the  well  established  Tubandt's  method 
(7).  Applying  this  technique  to  sesbranes  based  on  various 
polyethers  and  of  different  structures  and  crossllnked  with 
the  usual  polyurethane  technology  some  Important  conclusions 
have  been  drawn:  most  of  the  electrolyte  polyether  networks 
filled  with  salts  have  a  predominant  anionic  conductivity, 
and  the  use  of  perchlorates  gives  a  relatively  low  cationic 
transport  number,  even  with  the  lithium  cation.  These 
results,  rather  unexpected,  explain  the  high  Interest  of  the 
self  ionisable  networks  which  allow  the  obtention  cf 
materials  of  a  specific  conductivity,  l.e.  totally  cationic 
for  instance.  .Indeed  it  has  been  verified  that  the  self 
Ionisable  networks  based  on  the  phosphorous  oxychloride 
chesilstry  described  above  (see  section  2)  have  a  cationic 
transport  number  equal  to  unity  within  the  experimental 
errors  (4).  Then  the  free  volume  conductivity  behaviour 
observed  here  means  that  the  cations  can  move  only  If  they 
have  a  hole  of  sufficient  site  In  their  vicinity,  alike  the 
anions  In  the  networks  filled  with  salts  previously  studied. 
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The  study  of  the  complexes  between  po 1 y ( e t hy 1 ene  oxide),  PEO,  and 
various  alkali  eetals  salts  has  attracted  considerable  attention 
during  the  last  decade  (1*.  Recently,  this  concept  has  been 
extended  to  anhydrous  protonic  polymer  conductors  by  the 
synthesis  of  complexes  between  PEO  and  the  Phosphoric  acid.  These 
compound  PEO(HjP04)x,  where  x  is  the  fraction  of  acid  molecule 
per  monomer  unit  -  exhibit  a  good  ionic  conductivity  at  room 
temperature  (  C"  —  4  x  10  ”  ®  (/Jem)”*)  ^  ^  . 

Extensive  nmr.  <r  .  DSC  studies  have  been  performed  on  these 
systems.  The  present  abstract  forms  part  of  a  comprehensive  NMR 
study  including  crystallinity,  determination  of  the  stoichiometry 
of  crystalline  complexes,  measurements  of  diffusion  coefficients 
of  *H  and  1 P  by  the  technique  of  Pulsed  Magnetic  Field  Gradient, 
and  spin  lattice  and  spin  spin  relaxation  rate  as  a  function  of 
temperature  and  frequency. 

Here  we  present  some  results  of  a  NMR  study  on  the  compound 
P(EO)(Hj  POg)x  A  -  0.42  including  Tj  and  Tj^  measurements  for  *H- 
and  3  1  P  nuclei  a  n'd  prelimirary  date  on  the  1  H  diffusion 
coefficient  in  deuterated  PEO(HjP04)0  gg,  which  we  compare  with 
conductivity  data. 

Requited  amount  of  polymer  and  acid  were  weighted  and  dissolved 
in  acetonitrile  'Merk  anhydrous)  and  THE  mtxtuie.  under  a  dry 
argon  atmosphere  in  a  q  1  n  :  °  hr.  x  (less  tii.it.  I  ppm  H  and  7.  *  (  ‘ 
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the  desired  phosphor  :  oxygen  in  PEO  ratio. 

The  NMR  relaxation  tiae  measurement  were  performed  in  the 
temperature  range  227-353  K  at  34  MHz.  For  Tjp  measurement  the  RF 
rotating  field  Hj  were  equal  to  5  and  10  G. 

Conductivity  measurements  were  performed  using  the  a.c  impedance 
technique  over  the  temperature  range  260-345K.  Details  of 
experimental  cell  and  procedure  have  been  published  elsewhere 
In  order  to  determine  the  effects  of  the  motion  of  the  polymer 
chain  on  the  diffusion  coefficient,  we  have  plotted  the  value  of 
the  proton  correlation  time  T  deduced  from  the  Tj  minima  (where 
wo  r  *  1,  2wjT  =1)  with  the  conductivity  date  (  oT  vs  1/T). 

Resulting,  graph,  in  Figure  1;  shows  that  the  T  value  scale  fairly 
well  with  the  conductivity  data,  within  the  limits  of 
experimental  error,  showing  that  the  diffusion  coefficient  is 
governed  by  the  segmental  motion  of  the  chains,  as  previously 
observed  alkali  metal  P(E0)  complexes  '  •*  )  _ 

Me  shall  now  focus  on  the  1  p  NMR 
data  in  P(E0)  ( HjPO^ )G  42  and 

especially  on  the  case  of 
deuterated  acid.  The  reason  is 
that  in  this  case  we  suppress  two 
sources  of  relaxation,  the 
intramolecular  H-P  Interactions, 
and  the  polymer-acid  H-H  intera¬ 
ctions,  thus  making  easier  the 
interpretation  of  the  relaxation 
aedhanlsms.  In  Fig. 2  is  shown  the 
temperature  dependence  of  the 
sp  m- 1  a  1 1  i  ce  relaxation  rate  of 
^'p.  Several  points  have  to  be 
noticed.  The  peak  in  obser¬ 

ved  around  260K  has  the  sane  am¬ 
plitude  for  both  deuterated  and 
undeuterated  acid  (not  shown  in 
the  figure).  Consequently,  its 
origin  has  to  be  attributed  to  a 
modulation  of  the  interaction 
between  the  protons  of  the  chain 
and  the  phosphorous. 


Figure  1  :  Temperature  de¬ 

pendence  of  the  proton  cor¬ 
relation  time  deduced 

from  NMR  data  on 
PFOlH-jFOjJp  q-.  with  the  va¬ 
lue  d  e  d  1 1 .  *  d  Mom  conduc¬ 
tivity  'lata. 
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Using  this  value,  and  a  correlation  tine  T  (T|  =  T  0  exp(E/k(T-T, )  / 
where  E  =  o.o5  eV  ancj  t  Q  =  2  2  4  K  are  the  value  obtained  fro»  the 
conductivity  data,  we  obtain  a  good  fit  of  our  NMR  data.  Froa  the 
aaxiaa  condition  we  obtained  TQ  =  1.67  10'*^s.  The  Tj~* 

teaperature  dependence  in  the  teaperature  range  is  well 
reproduced,  and  we  also  get  the  correct  frequency  dependence 
between  our  Tj  and  Tjp  data. 

Finally,  we  have  deteralned  the  diffusion  coefficient  of  the 
proton  in  a  deuterated  P ( EO ) ( H 3P04 ) Q  66-  Coaparison  with  the 
conductivity  data  indicates  that  only  a  saall  fraction  of  the 
aobile  species  participate  to  the  charge  transport.  Further 
aeasureaents  are  currently  in  progress. 

+  Partially  auported  by  CNPq,  Brazil 
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INTRODUCTION 

Ionic  conduction  in  solvent-free  polymer  electrolytes 
primarily  occurs  in  the  amorphous  domains  via  a  free  volume  mecha¬ 
nism  (1).  The  need  for  good  mobility  of  polymer  chain  segments  has 
le'd  to  the  synthesis  of  novel  polymers  with  pendant  oligo-oxyethy- 
lene  side  chains  and  a  polyphosphazene  (2),  poly (methacrylate) ( 3 , 4 ), 
polybutadiene  (5)  or  polysiloxane  (6,7)  backbone.  This  report 
describes  the  synthesis  of  some  comb-type  poly ( (methoxypolyethylene 
glycol ) methylsiloxane] s  and  the  conductivity  of  their  complexes 
with  lithium  perchlorate. 

EXPERIMENTAL 

Poly{ (w-methoxyhepta (oxyethylene ) ethoxy Jmethylsiloxane } , 
abbreviated  as  PMMS-8,  was  prepared  by  reacting  methoxypolyethylene 
glycol  of  MW  350  with  poly (hydrogenmethylsiloxane)  (MW  2650)  in 
THF  at  60°C  with  zinc  octanoate  as  catalyst.  The  NMR  spectrum 
indicates  an  average  of  eight  ethylene  oxide  units  per  side  chain 
rather  than  seven  as  previously  reported  (6)  . 

Poly{ (w-methoxyoligo (oxyethylene) propyl] methylsiloxane )s  were 
prepared  from  poly (hydrogenmethylsiloxane)  and  the  allyl  ether  of 
methoxy  polyethylene  glycols  of  MW  350  and  550,  respectively,  in 
THF  at  50“C  using  platinum-divinyltetramethy ldisiloxane  as 
catalyst.  The  allyl  ether  was  made  from  allylchloride  and  the 
methoxypolyethylene  glycol  in  THF  with  NaH  at  25°C.  The  two  polymers, 
abbreviated  as  PAGS-8  and  PAGS-12  have  an  average  of  8  and  12 
ethylene  oxide  units  in  the  side  chain.  The  structures  of  PMMS-8 
and  PAGS-n  are  shown  below. 
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PAGS-n  where  n=  8  or  12 


Complexes  of  the  three  polymers  with  LiClO^  were  made  by 
evaporation  of  solvent  from  a  polymer-salt  solution  in  THF , 
followed  by  careful  drying  under  vacuum.  Cross-linked  complexes 
of  PMMS-8  were  prepared  by  adding  1%  by  weight  of  benzoyl  peroxide 
to  the  complex  and  heating  the  sample  for  24  hrs.  at  100°C  (6). 
Polymer  blends  of  PEO  (M  »■  4  x  10®)  and  PMMS-8  were  obtained  by 
solvent  evaporation  of  a  methanolic  solution  of  PEO,  PMMS-8  and 
LiClO^ ,  followed  by  vacuum  drying  at  50-60°C  for  several  days. 

The  polymers  were  characterized  by  100  MHz  *H  NMR,  ^Si  NMR, 

1R  and  FTIR,  and  GPC  with  THF  as  eluant.  Details  of  DSC  and 
conductivity  measurements  (AC)  have  been  reported  elsewhere  (3,6). 

RESULTS  AND  DISCUSSION 

1H  NMR  and  IR  spectra  indicate  complete  conversion  of  Si-H 

groups  for  PMMS-8  and  PAGS-8 .  For  PAGS-12  the  conversion  is  better 
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than  90%  complete.  Si  NMR  and  GPC  data  do  not  show  the  presence 
of  low  molecular  weight  cyclics  in  PAGS-8  and  PAGS-12.  However, 
in  PMMS-8  the  weight  %  of  low  molecular  weight  cyclics  may  be  as 
high  as  30%. 

Conductivity  measurements  on  the  LiClO^  complexes  as  a  function 
of  temperature  yield  linear  plots  when  using  the  Vogel-Tamman- 
Fulcher  relationship.  Maxima  in  the  conductivities  are  found  at 
ethylene  oxide  unit  to  Li+  ratios  of  about  25.  Table  I  lists  the 
conductivities  o  (in  ohm  *cm  *)  at  25°C  and  70"C  for  LiClO^ 
complexes  with  the  three  polymers  and  the  cross-linked  PMMS-8 
at  the  ratio  EO/Li  ■*  25.  The  higher  weight  fraction  of  ethylene 
oxide  units  in  PMMS-8  relative  to  PAGS-8  (with  its  rather  large 
hydrophobic  backbone  region)  makes  the  former  polymer  a  better 
conducting  medium.  This  is  also  the  reason  for  the  higher  o  of 
PAGS-12  relative  to  PAGS-8.  The  advantage  of  the  PAGS  polymers 
vis  a  vis  the  PMMS- polymers  are  the  higher  stability  of  the  Si-C 
linkage  as  compared  to  Si-O-C. 
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The  dimensional  stability  of  the  polymer  electrolyte  complexes 
(all  viscous  oils)  can  be  improved  by  cross-linking  or  blending 
with  PEO.  Cross-linking  lowers  the  conductance  as  it  impedes 
segmental  chain  motion  (Table  I) .  Addition  of  PEO  to  a  LiClO^ 
/PMMS-8  mixture  changes  the  complex  into  a  blend  from  which  tough, 
flexible  films  can  be  cast.  Figure  1  depicts  the  conductance 
behavior  of  these  polymer  electrolyte  films  as  a  function  of  the 
ratio  Li+/EO.  The  room  temperature  conductance  of  these  films  at 
EO/Li  ratios  of  25  are  considerably  above  10  *cm  and  far 
exceed  those  of  PEO/LiClO^  complexes.  The  PMMS-8  acts  as  a  non- 
migrato'ry  plasticizer  for  PEO  with  good  conducting  amorphous 
domains  while  PEO  imparts  dimensional  stability  to  the  film. 

The  financial  support  of  this  work  by  the  National  Science 
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Table  I.  Conductivities  of  Polymer-LiClO^  Complexes 


Polymer 

ox  105 , 
25  °C 

.  -1  "I 

ohm  cm 

70°<3 

PMMS-8 

7 

25 

PMMS-8  (cross-linked) 

2 

13 

PAGS-8 

3 

PAGS-12 

7.6 

46 

Figure  1.  Plot  of  log  conductivity  versus  the  ratio  of  Li+ 
to  ethylene  oxide  units  for  mixtures  of  X.iC104 
and  PEO  (A);  PMMS-8  (B) ;  70/30  blend  of 
PMMS-8/PEO(C);50/50  blend  of  PMMS-8 /PEO  ID) 
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SOLID  POLYMERIC  ELECTROLYTES  FORMED  BY 
POLYETHYLENE  OXIDE)  AND  NICKEL  BROMIDE 

R.  Huq,  A.R.  McGhie  and  G.C.  Farrinnton 
Department  of  Materials  Science  and  Engineering 
University  of  Pennsylvania 
3231  Walnut  St. 

Philadelphia,  PA  19104 

I.  Introduction:  Recently,  several  studies  have  reported  that  PEO  dissolves  a 
number  of  salts  of  divalent  cations  to  form  polymeric  electrolytes  with  appreciable  ionic 
conductivities  (1-5)..  This  work  has  expanded  upon  earlier  reports  of  James  et  al.  (6,7);  it 
demonstrates  that  the  family  of  PEO-based  quasi-solid  electrolytes  is  actually  quite  large 
and  that  PEO  and  similar  polymers  behave  more  like  unusual  non-aqueous  solvents 
than  crystalline  solid  electrolytes. 

We  have  recently  been  studying  PEO  electrolytes  formed  with  salts  of  d;  -lent 
cations  and  monovalent  anions.  These  include  compositions  with  salts  of  Mg(li)  v4), 

Zn(ll)  (8),  and  Pb(ll)  (5),  and  others.  This  paper  describes  some  of  our  investigations  ot 
PEO  containing  NiBrj.  We  were  quite  surprised  to  find  that  the  Ni2+  transport  number  in 

these  materials  can  be  increased  by  a  process  involving  the  slow  hydration  and 
dehydration  of  the  electrolytes  after  they  have  been  prepared. 

II.  Film  Preparation:  (PEO)*NiBrz  electrolytes  were  prepared  by  solution  casting 
using  a  two  solvent  technique.  NiBr2  was  dissolved  in  anhydrous  ethanol  and  PEO 
(Polysciences,  MW=5x1()6)  in  acetonitrile.  Solutions  of  NiBr2  and  PEO  were  then  mixed 
and  electrolyte  films  cast  on  a  Teflon™  plate.  Solvent  was  first  allowed  to  evaporate  at 
room  temperature  in  a  dessicator  over  molecular  sieves.  Electrolyte  films  were  then 
heated  to  140°C  in  vacuum  to  remove  residual  solvent. 

In  the  remainder  of  this  abstract,  the  following  terms  will  be  used  to  denote  the 
origins  of  various  samples:  'as  cast'  is  a  sample  that  was  cast  and  then  de-solvated  at 
room  temperature  in  a  dessicator;  'as  cast  and  dried'  means  the  sample  was  cast  and 
residual  solvent  removed  by  heating  to  140°C;  'modified'  means  the  sample  was  heated 
to  140"C,  cooled  to  room  temperature  and  hydrated  in  moist  gas,  and  then  dehydrated 
by  heating  to  140°C  in  a  stream  of  dry  argon  or  nitrogen. 

III.  Results  and  Discussion 

A.  Thermooravimetric  Analysis:  During  the  initial  heating  of  a  freshly-prepared 
film  of  (PEOJsNiBrz,  there  was  a  gradual  loss  in  weight  between  room  temperature  and 
80°C  but  no  further  weight  loss  before  heating  was  discontinued  at  200°C.  When  the 
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sample  was  then  cooled  in  dry  nitrogen  and  re-heated,  the  low-temperature  weight  loss 
did  not  re-appear,  and  the  sample  weight  was  stable  until  decomposition  commenced 
around  330°C. 

TGA  also  showed  that  sample  films  rapidly  hydrate  when  exposed  to  water  vapor 
at  room  temperature.  For  ■  xample,  when  a  sample  of  (PEO)sNiBr2  was  allowed  to 
hydrate  in  moist  air  for  24  hours  at  room  temperature,  it  absorbed  about  30  molecules  of 
water  per  (PEO)8NiBr2  unit.  When  the  sample  was  then  held  in  flowing  dry  nitrogen  at 
room  temperature  for  24  hours,  it  lost  all  but  6  molecules  of  water  per  (PEO)sNiBr2-  The 
remainder  of  the  water  could  be  removed  by  heating  to  140°C. 

These  results  indicate  that  there  is  both  weakly  and  strongly-bound  water  in 
hydrated  samples  of  (PEO)sNiBr2.  The  strongly-bound  water,  which  can  only  be 
removed  upon  heating  to  140°C,  corresponds  to  water  in  the  hexaaquo  complex 
(PEO)8NiBr2  6H2O.  The  existence  of  this  complex  was  confirmed  by  optical 
spectroscopy  measurements 

B.  Conductivity  Measurements:  Polymer  film  conductivities  were  measured  by 
complex  impedance/admittance  analysis  from  102  to  106  Hz  with  both  blocking  (Pt)  and 
and  non-blocking  (Ni)  electrodes.  The  values  determined  for  bulk  conductivity  were  the 
same  for  both  types  of  electrode,  but  the  use  of  Ni  electrodes  made  it  possible  to 
estimate  the  Ni2+  transport  number.  Before  analysis,  all  samples  were  dried  in  the 
conductivity  cell  under  vacuum,  first  overnight  at  room  temperature  and  then  at  140°C 
for  2-3  hours.  Measurements  were  then  carried  out  in  a  stream  of  purified  argon. 

The  conductivity  of  a  sample  of  (PEO)sNiBr2  during  heating  and  cooling  is  shown 
in  Fig.  1 .  The  conductivity  knee  around  60°C  is  a  feature  generally  expected  in  samples 
of  these  materials  from  the  melting  of  uncomplexed  PEO.  The  conductivity  undergoes  an 
unexpected  dip  around  130°C  and  then  gradually  increases  at  higher  temperatures. 

What  is  quite  surprising  is  the  effect  that  hydration  and  dehydration  have  on  the 
Ni2+  transport  number  in  (PEO)8NiBr2-  As  Fig.  1  shows,  above  60°  the  conductivity  of 
the  modified  electrolyte  is  much  greater  than  that  of  the  as  cast/dried  electrolyte. 

Modified  samples  are  not  only  more  conductive,  they  also  have  much  higher  transport 
numbers  for  Ni2+. 

The  transport  numbers  of  Ni2+  in  normal  and  modified  samples  were  estimated 
using  complex  ac  impedance  analysis  and  dc  polarization  with  non-blocking  Ni 
electrodes.  The  result  of  both  sets  of  experiments  show  that  the  transport  number  of 
Ni(ll)  normal  sample  is  quite  low,  even  at  140°C,  whereas  the  modified  sample  shows 
appreciable  Ni2+  transport .  Fig.  2  plots  log  tNj(||)  vs.  temperature.  As  the  data  show,  the 
normal  film  is  virtually  a  pure  anion  conductor,  while  the  modified  sample  has 
considerable  Ni2+  mobility.  This  effect  was  repeated  on  sample  after  sample.  No 
sample  was  ever  measured  that  did  not  show  the  effect. 
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IV  Conclusions 

Electrolytes  formed  by  dissolving  NiBrj  in  PEO  are  unusual  in  that  the  transport 
number  of  Ni?+  can  be  apparently  be  enhanced  by  controlled  hydration  and 
dehydration.  The  same  process  also  results  in  a  dramatic  increase  in  conductivity  above 
60°C.  Preliminary  measurements  of  the  UV-visible  spectroscopy  of  (PEO)8NiBr2  show 
that  during  hydration  water  first  associates  with  Ni(ll)  to  form  the  hexaquo  complex.  TGA 
data  indicate  that  essentially  all  Ni{ll)  in  the  electrolyte  forms  this  complex.  It  may  be  that 
the  complex  formation  frees  the  Ni(ll)  from  a  strong  interaction  with  the  ether  groups  in 
the  PEO  chains  set  up  when  the  electrolyte  is  formed.  The  structure  of  the  electrolyte 
must  obviously  be  very  different  after  dehydration  than  before,  since  there  is  such  a 
large  increase  in  conductivity.  The  high  conductivity  form  may  be  metastable,  but  no 
sign  that  the  complex  reverts  to  the  low  conductivity  form  has  been  observed. 


Figure  1 .  Conductivity  of  (PEO)gNiBr2; 
normal  sample  (o);  modified  sample  (x). 
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INTRODUCTION 

The  rapid  development  of  the  two  new  classes  of  electrically  active  polymer 
materials,  electronically  conducting  and  electroactive  polymers  and  ion 
conducting  polymers  respectively,  offers  new  possibilities  for  application  of 
both  materials,  especially  in  combination  with  each  other.  While  some  of  these 
combinations  have  been  attempted  earlier,  they  all  met  serious  problems  due  to 
poor  interpenetration  of  the  two  polymers.  The  recent  availability  of 
solubilized  electroncti ve  and  conductive  polymers  hove  greatly  advanced  the 
possibilities  of  reducing  the  interpenetration  problem.  We  present  some 
experimental  studies  using  the  combination  of  solubilized  electroactive 
polypyrrole  with  polyethylene  oxide  in  a  electroactive  polymer  blend  electrode 
for  solid  state  polymer  batteries.  We  also  discuss  the  general  possibilities  oT 
using  polymer  blends  for  solid  state  electrochemical  polymeric  devices,  and 
avenues  for  materials  development  for  such  devices. 

SOUP  STATE  P01.VHF.R  hAITF.iUFS 

Flectroacti ve  polymers  can  be  dispersed  in  ion  conductive  polymers  by  mixing 
suspensions  or  solutions  of  both  types  of  polymers  and  solution  cast  these  mixed 
polymers.  To  roach  an  high  degree  of  dispersion  the  polymers  should  exist  as 
very  fine  particles  or  ns  polymer  molecules.  This  is  no  problem  Tor  the  polymer 
electrolytes  but  has  been  quite  a  problem  for  electronctive  polymers.  Recently, 
techniques  for  making  suspensions  of  polypyrrole  in  water,  by  using  a  polymer 
stabilization  technique,  have  become  aval  1 able( 1 ) .  We  have  used  this  technique 
to  make  polymers  blends  with  polyethylene  ox i do (2,3)  for  preparing  composite 
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polymer  electrodes  for  polypyrrole/Li  batteries.  These  polymer  blends  strongly 
enhance  the  coulombic  capacity  of  the  electrode,  as  more  of  the  electroactive 
material  is  in  close  contact  with  the  electrolyte.  The  shorter  paths  of 
diffusion  of  intercalating  ions  within  the  electroactive  polymer,  due  to  the 
small  dimensions  of  the  polymer  particles,  also  enhances  the  rate  of 
utilization.  Our  studies  show  the  main  and  great  problem  to  be  the  extremely 
rapid  rate  of  selfdischarge  in  the  battery.  We  present  a  theoretical  analysis  of 
the  energy  density  of  solid  state  polymer  batteries  utilizing  polymer 
electrolytes  in  combination  with  Li  and/or  electroactive  polymer  electrodes. 

PROSPECTS  FOR  DEVICE  DEVELOPMENT 

The  use  of  polymer  blends  in  electrochemical  devices  has  been  demonstrated  in 
secondary  batteries  but  is  not  limited  to  these.  Electrochromic  devices 
incorporating  such  polymer  blends  could  be  constructed.  Photoelectrochromic 
devices  incorporating  polymer  electrolytes  should  be  possible(*l) .  There  exists 
considerable  scope  for  synthesis  of  electroactive  polymers  that  have  the 
“right  "  spectral  features  for  application  in  electrochromic  windows.  For 
instance  the  conductive  polymer  poly(isothlanaphtene)  has  been  shown  to  have  a 
very  low  bandgap  and  is  transparent  in  its  oxidized  state  and  black  in  the 
neutral  state.  (5) 

AVENUES  FOR  MATERIALS  DEVELOPMENT 

The  use  of  electroactive  polymer  blends  reduces  the  problems  encountered  during 
ion  transfer  at  the  interface  between  electroactive  polymers  and  ion  conductive 
polymers.  It  does  this  mainly  by  enormously  enhancing  the  contact  area  between 
the  phases,  in  the  case  of  the  raicroheterogeneous  blends.  This  might  be  a  rather 
trivial  way  of  solving  a  problem  that  is  more  fundamental.  One  of  the  advantages 
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Hint  wo  expect  to  exploit  in  this  geometry  is  the  short  diffusion  paths  that  are 
encountered  on  charge  and  discharge  of  the  electroactive  particles.  On  the  other 
hand,  if  we  could  enhance  the  diffusion  properties  of  ions  in  the  electroactive 
polymer,  we  could  maybe  combine  the  electroactive  and  ion  diffusion  properties 
in  one  and  the  some  polymer  molecule.  The  race  for  higher  conductivity  in 
polymer  electrolytes  will  require  an  qualitative  understanding  or  the  role  of 
polymer  dynamics  in  the  transport  process.  If  these  mechanisms  could  be 
incorporated  in  electroactive  polymers  we  might  find  a  completely  new  class  of 
molecular  composites  incorporating  both  electroactivity  and  facile  ion 
diffusion.  It  appears  quite  probable  thst  these  will  be  conflicting  goals,  but 
it  may  be  that  the  optimum  is  not  that  found  in  presently  available  materials. 
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Fig.l  SEM  picture  of  an  electroactive  polymer  blend  material(2)  .  The  material 
was  prepared  by  mixing  water  solutions  of  solubilized  polypyrrole  and 
polyethylene  oxide.  The  mixture  contains  30  weight  percent  PEO  and  the 
electronic  conductivity  is  around  0.5  S/co.  The  small  spherical  particles  of 
some  hundreds  cf  nm  dimension  consists  of  polypyrrole. 
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Conductivity  of  polymer  electrolytes  of  lithium  salt  with 
acrylate  polymer  containing  tris (methoxy (polyoxyethylene) ethoxy ) 
siloxy  alkyl  groups. 
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Introduction 

Recent  works  for  solid  polymer  electrolytes  have  focused  on 
lithium  salt  complexs  of  polymers  such  as  poly (ethyleneoxide) (1) , 
poly (propyleneoxide) (2) ,  polymethacrylate  containing  -methoxy- 
polyoxyethylene  chain  groups(3),  polyphosphazene (4 )  and 
polymethylsiloxane (5) .  The  requistes  for  the  ECD  polymer 
electrolytes  are  transparency  and  high  ion  conductivity.  In  this 
paper  we  describe  a  new  polymer  electrolyte  of  lithium  salt  with 
acrylate  polymer  containing  tris (methoxy (polyoxyethylene) ethoxy) 
siloxy  alkyl  group.  The  ion  conductivity  of  this  polymer 
electrolyte  was  lxio's-cm'at  25®C,  and  the  transparency  was  96% 
at  400-800mm. 

Experimental 

Acrylic  macromers  containing  tris (methoxy (polyoxyethylene) 
ethoxy ) siloxy  alkyl  groups  were  prepared  according  to  scheme  1. 

To  a  toluene  solution  (80ml)  containing  0.4  mol  of  SiCl* ,  0.1 
mol  of  acrylic  monomer  was  added  dropwise  at  5°C.  The  mixture 
was  stirred  for  further  3h  and  the  excess  of  SiCl«  was  removed 
by  vacuum  distillation.  To  this  mixture,  200ml  of  toluene 
solution  containing  0.4  mol  of  pyridine  and  0.3  mol  of  methoxy 
poly (ethylene  glycol)  was  added  dropwise  at  20°C  and  then  the 
mixture  was  stirred  for  further  4h.  Tha  mixture  was  filtered  to 
remove  the  pyridine- HC1  salt  and  toluene  was  removed  from  the 
mixture  by  vacuum  evaporation.  The  crude  product  was  washed  with 
n-hexane  and  diethyl  ether  to  yield  the  macromer. 

Polymer  electrolyte  films  of  lithium  salt  with  acrylate 
polymer  were  prepared  by  a  casting  polymerization  method. 
Macromer,  comonomer  as  a  crosslinking  reagent,  benzoy lperoxide 
(0.5wt%/monomer)  and  LiX  were  dissolved  in  methanol  and  the 
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mixture  was  casted  on  a  glass  plate  and  dried  at  60°C  for  lOh 
under  1  mmHg. 

The  glass  temperatures  of  films  were  measured  using  a 
Perkin  Elmer  990  DSC  meter  and  the  ion  conductivities  were 
obtained  with  a  Yokokawa-Hewlet-Packard  4274A/4275A  multi¬ 
frequency  LCK  meter. 

Result  and  discussion 

The  components,  compositions,  glass  temperatures  and  ion 
conductivities  of  the  polymer  electrolyte  films  in  this  work  are 
sammarized  in  table  1.  Figure  1  shows  temperature  dependence  of 
ionic  conductivities  for  the  typical  polymer  electrolyte  films. 
Figure  2  shows  the  effects  of  the  EO  equivalent  in  monomers  on 
the  ion  conductivity. 

The  glass  temperatures  of  the  polymer  electrolyte  films 
from  macromer  I  -  IV  were  lower  than  those  of  the  polymer 
electrolyte  films  from  methacrylic  acid  polyethyleneoxide  (MPEO) 
and  maleic  acid  di-polyethyleneoxide  macromer  (MEPEO)  and  as  a 
result  glass  temperatures  of  polymer  electrolyte  films  from 
I  -  IV  were  higher  than  those  of  films  from  MPEO  and  MAPEO  even 
at  the  same  EO  equivalent. 
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SCHEME  I  PREPARATION  OF  MACROMER 

ACRYLATE  DERIVATIVES  WITH  THIS  [HET1WXY(PaVOXmilVLm)€Tim]  SILOXV  ALKVt  CROUPS 
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Fig.  1.  Temperature  dependence  of  ionic 
conductivity  of  film*  :  (  O  >» 
film  No. 9 t  l  A  ) , f ilm  No. 4  j 
<  D  )  r  f  Him  No.  2  in  table  l. 


Fig.  2.  Relation  between  logalithm  of  ionic 
conductivity  and  EO  equivalent  in 
monomer.  Macromer  in  films  :  (  O  )» 
macromer  Ii  (  A  ), macromer  KAPEO: 

(  □  )  , macromer  MPEO. 

[EO  unit|/(LiX|  in  film  is  19. 

The  ratio  of  macromer/ (comonomer 
(PEGDM) |  in  film  is  75/25. 


THE  CONDUCTIVITY  BEHAVIOUR  OF  GAMMA  IRRADIATED  PEO-LiX 

ELECTROLYTES 
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A.  Hooper  and  R.J.  Neat 
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Polymer  electrolytes  of  the  type  PEO-LiX  have  been  the 
subject  of  a  worldwide  research  effort.  This  research  is  partly 
stimulated  by  the  potential  use  of  the  electrolytes  in  solid- 
state  lithium  battery  systems.  Batteries  of  this  type  have  been 
fabricated  and  studied  at  the  Harwell  Laboratory  [1],  utilising  a 
V.O, ,  composite  cathode  and  a  PEO, : LiCF 3S0 3  electrolyte. 

The  figure  shows  the  variation  in  ionic  conductivity  with 
temperature  for  a  typical  solvent-cast  film  of  PEO, :LiCF3S03 .  The 
conductivity/temperature  behaviour  can  be  represented  by  four 
linear  regions  with  associated  activation  energies  E,.E, , 
separated  by  regions  associated  with  polymer  phase  change  (dotted 
lines).  Three  values  of  conductivity  obtained  on  the  cooling 
cycle  (<r,o,  or«0  and  <r3,),  combined  with  the  four  activation 
energies,  provide  a  complete  description  of  the  conductivity/ 
temperature  dependence  of  the  electrolyte. 

The  transition  from  E3  to  Et  is  associated  with  the  melting 
of  the  PEO  phase  and,  recrystallisation  o'n  cooling  gives  rise  to 
the  transition  from  E3  to  E,.  This  recrystallisation  event 
results  in  a  trt,  value  which  is  too  low  for  high  current  density, 
room  temperature  applications.  Preventing  recrystallisation  would 
result  in  a  higher  atl  value  (°target^‘ 

One  of  several  methods  available  to  retard  crystallisation  in 
polymeric  systems  is  the  introduction  of  cross-links  into  the 
amorphous  form.  Charlesby  (2)  has  shown  that  gamma  irradiation 
can  be  used  for  this  purpose,  and  Vincent  et  al .  [3)  have  recently 
applied  this  method  to  PEO-LiX  electrolytes,  using  gamma 
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irradiation  to  suppress  crystallisation  in  a  PE01:LiC10< 
electrolyte. 

A  study  of  gamma  irradiation  at  an  elevated  temperature  on 
the  electrolyte  PEO, : LiCF,SO,  has  been  undertaken  here. 
Differential  Scanning  Calorimetry  and  ionic  conductivity  results 
will  be  presented,  and  the  effects  of  gamma  irradiation  on  the 
parameters  E,-E«  and  a, 0 ,  at 0,  a  2i  reported.'  These  results  will 
also  be  compared  to  those  for  a  second  electrolyte  PEO* g : LiCIO* . 
This,  in  contrast  to  the  PEO, : LiCF jSO,  electrolyte,  is  totally 
amorphous  at  the  irradiation  temperature. 
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HIGH  FREQUENCY  IMPEDANCE  OF  AN  AMORPHOUS  POLY ( ETHYLENE  OXIDE) 

E. Linden  and  J.R.Owen 

Department  of  Chemistry  and  Applied  Chemistry 
University  of  Salford 
Manchester  M5  4WT 

INTRODUCTION 

This  work  addresses  the  problem  of  obtaining  accurate 
impedance  data  on  highly  conducting  electrolytes  at  high 
frequencies.  Such  data  are  important  for  at  least  the  following 
reasons : 

1)  The  dielectric  relaxation  parameters  can  provide  a 
conductivity  value  unaffected  by  uncertainties  in  cell  geometry, 
e.g.  sample  thickness,  wetted  electrode  area. 

2)  Anomalous  frequency  dependence  effects  can  indicate  sample 
inhomogeneity  and  fundamental  conductivity  parameters. 

The  measurement  of  the  dielectric  relaxation  in  highly 

conducting  samples  requires  a  High  frequency  range.  This  may 
cause  problems  due  to  interference  from  the  capacitance  and 
inductance  of  the  cell  and  connecting  leads.  For  example,  above 
1MHz  the  capacitance  of  a  lead  can  easily  mask  that  of  the  sample 

if  the  area/thickness  ratio  is  less  than,  say,  100cm,  so  that  the 

observed  impedance  plane  semicircle  is  quite  artificial.  The 
inductance  is  also  a  major  problem  with  samples  of  resistance 
less  than,  say  100  Ohms.  The  following  theory  shows  how 

appropriate  corrections  to  the  data  can  be  made  in  the  example  of 
a  highly  conducting  amorphous  polyether. 

EXPERIMENTAL 

Two  types  of  sample  holder  were  used;  these  are  shown  in 
Fig.).  Both  are  designed  to  hold  a  small  sample  in  a  fixed 
geometry  without  excessive  creep  during  measurement.  In  one,  the 
sample  length  and  area  are  large  enough  to  be  precisely  measured, 
although  uncertainty  in  the  real  contact  area  of  a  non-wetted 
electrode  may  be  a  source  of  error.  In  the  other,  the  length  is 
too  short  for  accurate  measurement  and  may  even  vary  across  the 
sample  area,  although  the  design  minimizes  such  errors 
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The  polished  electrodes  were  housed  within  an  argon-  filled, 
temperature-controlled,  furnace  and  connected  along  short  leads 
through  an  external  co-axial  cable  to  a  Hewlett-  Packard  4192A 
impedance  analyser. 

Impedance  and  admittance  spectra  were  taken  in  the  range  13  MHz 
to  5  Hz.  Impedance  and  admittance  spectra  were  also  taken  of  the 
empty  cells  in  short  and  open  circuit  configurations  in  order  to 
determine  the  impedance  characteristics  of  the  cell,  leads  and 
cable  combination. 

The  sample  was  an  oxyethylene-oxymethy lene  copolymer  doped  with 
one  LiC104  per  24  ether  oxygens. 

THEORY 

The  effect  of  a  co-axial  cable  on  the  measured  impedance  value 
can  be  shown  to  be: 


Zapp  -  Z  ( 1 

t  Zs/Z) 

where  Z  =  sample  impedance 

Y  =  sample  admittance 

(1 

♦  Yo/Y) 

Zs  -  short  impedance 

Yo  -  open  admittance 

Zapp  -  measured  value 

Apparent  values  may  therefore  be  corrected: 

Z  ~  Zapp  Zs 

Vo) 


Z.ipp<  Tapp 
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RESULTS  AND  DISCUSSION 

Table  1  shows  a  comparison  of  the  relevant  sample,  short  and  open 
circuit  impedance  data.  It  may  be  seen  that  in  the  thick  cell  no 
correction  due  to  Zs  is  necessary,  while  To  completely  swamps  any 
admittance  due  to  the  sample;  attempts  at  correction  are  probably 

futile.  Howt-ver.  in  the  thin  r»l  1  ,  hcth  rr.r;i  L  : ::  ;  uo  iJciin 

in  the  lHHz  region. 


Frequency 

Z"s 

Rthick 

Rthin 

S 

0 

** 

Gthick 

Gthin 

Hz 

ohm 

ohm 

ohm 

mS 

mS 

mS 

10M 

40 

4.6 

1M 

4 

30K 

200 

.46 

.03 

5 

100k 

4 

.046 

Table  1.  Typical  sample  data  compared  with  cell 
and  lead  characteristics. 


Fig. 2  shows  the  completely  artificial  dielectric  semicircle  given 
by  the  thick  cell.  Fig. 3  shows  a  real  but  distorted  semicircle 
given  by  the  thin  cell,  and  Fig.  4  the  corrected  version. 


Impedence  Spectrum 
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t,TG.  4 


FIG.  5 


Ht  conclud*  that  tha  thick  call  «1tm  the  aoat  accurata 
conductivity  valuea,  but  no  information  regarding  dialactric 
relaxation.  Tha  thin  call  sbowad  a  aanlcircla  with  no  datactabla 
daprasaion.  Therefore,  although  no  intareating  dialactric 
anoaaliaa  ware  found,  wa  can  calculate  a  dialactric  conatant. 
Thia  can  ba  uaad  aubaaguantly  to  calculate  conductivity  froa  high 
frequency  data  without  a  knowledge  of  tha  aaapla  dinenaiona. 

An  Arrhaniua  plot  for  tha  polyaar  aaaaurad  uaing  tha  thick  call 
ia  ahown  in  rig. 9.  extraction  of  tha  dialactric  aeaicircle,  even 
froa  tha  thin  call  becoaea  incraaaingly  ‘difficult  at  higher 
teaperaturea,  and  tha  taaparatura  dependence  of  the  dielectric 
conatant  ia  currently  being  evaluated. 
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SIMULTANEOUS  DIFFERENTIAL  SCANNING  CALORIMETRY/ 
DIELECTRIC  THERMAL  ANALYSIS  OF  POLYMER  ELECTROLYTES 

A.  R.  McGhie.  A.  M.  Denenstein,  G.  Rohrer  and  G.  C.  Farrington 
Laboratory  for  Research  on  the  Structure  of  Matter 
University  of  Pennsylvania,  Philadelphia,  PA  19104 


INTRODUCTION 

Two  techniques  used  to  characterize  polymer  electrolytes  are  differential 
scanning  calorimetry  (DSC)(1)  and  dielectric  thermal  analysis  (DETA)(2).  In  DSC, 
heat  flow,  to  and  from  a  sample,  is  measured  as  a  function  of  temperature  with  heating 
rate  as  parameter.  From  Ihese  measurements  the  sample  can  be  characterized  in 
terms  of  phase  behavior,  i.e.  first  or  second  order  transitions,  and  chemical  stability, 
e  g.  dehydration  or  chemical  decomposition.  This  is  a  powerful  technique  which  can 
be  used  quantitatively  both  to  calculate  sample  composition  and  to  study  the  kinetics 
of  physical  and  chemical  transformations.  DETA  is  a  more  substance-specific 
technique  in  which  both  the  real  and  imaginary  parts  of  the  dielectric  constant  can  be 
obtained  as  a  function  of  temperature  with  frequency  as  parameter.  This  technique  is 
most  sensitive  to  polymers  containing  dipoles  either  in  the  polymer  chain  itself  or  as 
additives  to  the  system  e  g.  absorbed  water.  The  frequency  dependence  of  the 
dielectric  constant  allows  identification  of  specific  types  of  dipolar  motion  and 
characterization  of  activated  processes.  When  measured  isothermally  on  polymer 
electrolytes,  this  technique  is  known  as  complex  plane  analysis  (3)  and  is  the  standard 
method  used  to  determine  ionic  conduction  as  a  function  of  temperature. 

The  apparatus  and  operating  conditions  used  for  these  two  techniques  are 
quite  dissimilar  and  it  can  be  difficult  to  correlate  both  sets  of  data  on  the  same 
nominal  sample,  especially  when  one  wishes  to  study  a  specific  effect  e  g.  exposure  to 
water  vapor,  or  to  undertake  precise  annealing  studies.  In  order  to  facilitate  analysis  of 
polymer  electrolyte  samples  by  these  techniques,  we  have  constructed  a  combined 
cell  in  which  both  measurements  can  be  determined  simultaneously,  thus  allowing 
precise  correlation  with  temperatures,  pretreatment  and  environmental  conditions. 

EXPERIMENTAL 

A  DuPont  DSC  cell  was  modified  to  allow  incorporation  of  a  capacitance  cell, 
shown  schematically  in  Figure  1.  The  sample  is  kept  in  good  contact  with  the  heat 
sensor  and  is  thermally  isolated  from  the  cell  using  a  spring  loaded  glass  needle 
above  and  is  electrically  insulated  with  a  2  mil  thick  Kapton  ®  film  below.  Sputtered 
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gold  contacts  were  applied  to  polymer  films,  typically  5x5x0. 1  mm.  Thin  copper  platens 
on  either  side  of  the  film  ensured  uniform  pressure  and  were  connected  to  isolated 
binding  posts  by  3  mil  constantan  wires.  The  maximum  cell  temperature  achievable 
was  170°C  and  was  limited  only  by  use  of  soft  soldered  contacts.  The  dielectric 
properties  of  the  sample  were  measured  initially  with  a  Hewlett-Packard  4800A  Vector 
Impedance  Meter  on  which  both  |Z|  and  phase  angle,  6,  could  be  observed  on  panel 
meters  whose  analog  outputs  were,  in  turn,  fed  into  a  Dynamic  Solutions  Appligration 
data  acquisition  system.  In  this  way  three  signals  were  obtained  simultaneously:  heat 
flow  (AQ),  |Z|  T  and  0  at  a  single  frequency  as  a  function  of  temperature.  In  addition, 
AQ  and  either  (Zl1  or  0  could  be  plotted  simultaneously  during  a  run  on  the  DuPont 
990  XYY  recorder  using  the  external  input  jack.  With  this  system  samples  could  be 
studied  in  the  temperature  range  150K  to  450K  at  heating  rates  of  2-50  K/min. 

It  was  subsequently  possible  to  study  the  frequency  dependence  during  a  run 
by  using  a  Solartron  1250  frequency  response  analyzer  programmed  with  a  9000 
series  H-P  computer  so  that  measurements  could  be  made  over  the  range  6.5  Hz  to  65 
KHz  at  21  different  frequencies,  once  every  10  seconds.  The  wealth  of  data  obtained 
in  this  mode  makes  it  one  of  the  most  powerful  techniques  available  for  studying 
polyfner  electrolytes. 

RESULTS 

Examples  of  both  techniques  are  given.  Data  obtained  using  the  single 
frequency  continuous  scan  method  are  shown  in  Figure  2  for  a  sample  of  polyethylene 
oxide  loaded  with  Znl2  of  composition  Zn>2(PEO)i6  at  a  heating  rate  of  10°C/min.  and 
frequency  of  20  KHz.  Effects  of  glass  transition  and  melting  of  the  pure  PEO  phase  are 
shown.  Figure  3  illustrates  the  type  of  information  that  can  be  obtained  using  the 
multiplexed  frequency  technique  on  a  sample  of  CoB^PEOjg  at  a  heating  rate  of 
1 0°/min.  Figure  3  a)  shows  the  DSC  scan  and  b)  and  c)  show  Bode  plots  before  and 
after  the  pure  PEO  phase  melts.  Dielectric  data  sets  were  obtained  at  5°C  intervals 
with  a  temperature  spread  of  only  1.5°C.  Continuous  scans  at  fixed  frequency  similar 
to  those  in  Figure  2  can  be  generated  for  all  frequencies  measured.  Admittance  and 
impedance  plots  at  each  temperature  allow  determination  of  the  bulk  resistance  and 
hence  ionic  conductivity  as  a  function  of  temperature. 

CONCLUSIONS 

This  powerful  simultaneous  technique  appears  suited  both  for  rapid  survey  and 
detailed  study  of  the  effects  of  pretreatment  and  environment  on  polymer  electrolytes. 

ACKNOWLEDGMENT.  ARM  acknowledges  support  from  the  National  Science 
Foundation  Materials  Research  Program  through  grant  No.  DMR-8519059. 
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Figure  1 .  Schematic  view  of  DSC  cell  modified  to  Include  a  capacitance  cell. 


temperature  at  a  heating  rate  ol  tO”C/mln.  and  measuring  frequency  ol  20  KHz  lor  a 
sample  ol  Znl2(PEO))6. 
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Figure  3.  a)  DSC  scan  on  a  sample  o(  CoB^PEOJe  al  10  °C/min.  taken  in  a 
combined  DSC/DETA  cell,  b)  and  c)  Bode  plots  oblained  at  points  1  and  2  shown  in 
a). 
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SO!, ID  POI,YEI,F.CTROI,YTES:  PROPERTIES  OF  IONF.NES 
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In  contrast  to  "polymer  electrolytes"  relativly  little  is  known 
so  far  about  the  solid  state  properties  of  "polyelectroly tes" , 
which  contain  Ionic  centers  and  counterions  as  part  of  their  con¬ 
stitutional  repeating  (monomeric)  units. There  are  no  data  available 
about  the  Influence  of  Ion  density  on  the  crystal  structure .mor¬ 
phology  ,  thermal  and  (di)electrical  properties  of  solid  polyelec¬ 
troly  tes  . 

To  be  able  to  estimate  the  possibility  of  fast  ion  diffusion  as 
well  as  other  solid  state  properties  in  crystalline  and  amorphous 
polyelectrolytes  we  chose  poly( (dialkylimino)alkylene-salt)s  (1-<U, 
which  have  been  described  by  Dieterich  et  al.*)  and  have  been  named 
" ioncncs"  by  Rcmbaum  et  al.  ) ,and  some  aromatic  analogues  (5). 
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The  ion  density  in  ionenes  can  be  easily  adapted  by  varying  the 
length  of  the  chain  R.the  size  of  the  side  chain  R'  and  the  type 
of  the  counterion  X  .For  crystal  structure  investigations  low 
molecular-weight  models  such  as  trimers  (n=3)  have  been  synthesized 


Results 

Usually. the  synthesis  of  the  Ionenes  following  the  procedures 

.  2 

which  have  been  described  by  Rembaum  et  al.  )  provides  for  bromide 
or  chloride  as  counter ion ,wh ich  has  to  be  exchanged  in  order  to 
introduce  different  types  of  counter ions . The  ion-exchange  can 
be  controlled  such, that  product  purities  better  than  97J  (as 
evidenced  by  elemental  analysis)  can  be  obtained. 
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The  properties  of  the  ionenes  strongly  depend  on  the  length  of 
the  chain  R,the  side  chain  length  R'  and  the  type  of  the  counterion. 
In  the  case  of  aliphatic  chains  R  the  influence  of  the  chain 
length  m  can  be  estimated  by  comparism  of  the  melting  temperatures 
of  various  ionene  salts,  e.g.  i-tos  (m=6)  m.p.249*C,with  2-tos 
(m=10)  m.p.99‘C,l-trif  (m=6)  m. p. 206 ‘C, with  2-trif  (m=10)  m.p.ll8*C 
(compare  table)  .indicating  the  melting  temperature  to  decrease 
with  increasing  m  .  The  same  is  true  for  different  side  chain 
lengths  R',  e.g.  1-tos  (R'=CH3)  m.p.  249‘C,with  3-tos  (R'=  CH2CH3) 
m. p. 1 19*C ,and  1-trif  (R'-CHj)  m.p.  206*C  with  ^-trif  (R'=CH2CH3) 
m.p.  98’c(compare  table) .Obviously , the  larger  the  volume  fraction 
of  the  organic  component  in  the  repeating  unit, the  lower  the  melting 
transition  temperature  : 


(ooenc 

x- 

Calculated 

Found 

M.p./‘C** 

c 

H 

V** 

C 

H 

Y 

1-tos 

60,17 

8.42 

10.41  (S) 

57,98 

8.31 

10.18 

249 

l-trif 

l-BF4 

1-SbF* 

1ZjjBt4 

&?°>- 

31,99 

44,55 

26.40 

29,93 

6.50 

8.35 

4.93 

3,62 

20.57  (F) 
33.25  (F) 
31.33  (F) 
49.86  (Br ) 

38.99 

42.36 

26.37 
29.93 

6.62 

7.94 

5.06 

5.75 

20.30 

30,75 

30,65 

30.06 

206 

276 

235 

2-los 

64,23 

9,30 

9.01  (S) 

61.91 

8.86 

9,47 

99 

3-trif 

2-BF4 

2-SbF4 

a?* 

SbF,' 

46,13 

33.11 

34,31 

7.81 

9,60 

6,20 

17.11(F) 
28.03  (F) 
27.15(F) 

46.72 

33.02 

34.18 

7.79 

9,72 

6.30 

17.28 

27.97 

27,60 

118 

127 

283 

3-tos 

-cO- 

62,93 

8,87 

9.79  (S) 

59.32 

8.39 

9.50 

119 

3-tr»f 

F.CSO, 

43,28 

7.21 

18.68  (S) 

39,57 

6.93 

18,26 

98 

*  la  parallKKi  reference  element  or  Uk  counterfoil. 

"  Mdtin*  temp,  by  DSC. 

This  behaviour  is  also  substantiated  by  recent  results  obtained 
with  4-salts  ( ra=20), which  generally  exhibit  the  lowest  melting 
transition  temperatures  among  the  ionenes  under  our  investigation. 

'ihe  high  melting  transition  of  1,-BF^  m.p.276"c  as  compared  to  the 

relativly  low  transition  temperature  of  1-trif  m.p.206*C  clearly 
demonstrate?  the  influence  of  the  nature  of  the  counterion  on  the 
thermal  propert ies . However ,  this  influence  is  largest  in  ionenes 
with  small  organic  components ,  thus  with  high  ion  density(m=6) ,and 
decreases  in  ionenes  with  increasing  size  of  the  organic  components, 
thus  with  small  ion  density  .being  minimized  in  the  4-salt  series. 

The  thermal  properties  of  the  ionenes  should .however , not  be  dis¬ 
cussed  without  consideration  of  the  degree  of  crystallinity  and 
the  crystal  structures. 
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lonenes  cover  a  broad  range  of  morphologically  different  materials: 
loncncs  with  R  and  R'  being  small  generally  appear  to  be  highly 
crystalline,  in  some  very  exceptional  cases  even  single  crystalline 
(polymeric)  lonenes  have  been  obtained .With  increasing  size  of 
R  and  R'  the  lonenes  become  partially  crystalline  or  even  amorphous. 
This  can  be  evidenced  by  comparing  the  X-ray  dif fractograms  of 
the  l_-salt  scries  with  that  of  the  2-,  3-  or  ^-salt  series, e.g. 
J_-SbF6  (fig. a)  with  that  of  2-SbFg  (fig.b)  and  2-BF^  (fig. c), with 
only  the  latter  two  exhibiting  a  halo  around  2*=20‘ , which  is  typical 
for  partially  crystalline  polymers. 

While  the  l^-salts  usually  can  be  recrystallized  from  the  melt, 
this  is  not  possible  for  the  2-salts  and  3-salts, so  that  glassy 
solids  can  be  obtained.  The  X-ray  dif f ractogram  of  glassy  2-BF^ .which 
was  slowly  cooled  from  the  melt  .typically  exhibits  only  a  broad 
"amorphous  halo"  (fig.d). 


► 


diffraction  angle  /  degrees 
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"Trimers"  (n  =  3)  have  been  prepared  as  models  for  the  polymeric 
ionenes . Surprisingly  .not  only  the  trimers  have  been  grown  into 
single  crystals,  but  also  some  of  the  polymeric  ionenes, e.g. 

J_-ZnBr}(  could  be  obtained  as  relatively  large  single  crystal s  .which 
are  useful  for  crystal  structure  investigations. 

Dielectric  spectroscopy  of  partially  crystalline  and  amorphous 

*7  t 

ionenes  between  120  and  350*K,  and  from  10  to  10'  Hz  reveals  the 
influence  of  glass  and  melting  transition  temperature  on  both, the 
dielectric  loss  and  ionic  conductivity  of  the  ionenes.  In  the  case 
of  glassy  1_-BF.  ,  a  glass  transition  at  310’k  was  found, with  the 
conductivity  (  1  kHz  )  increasing  from  about  5  x  10  Scm  at  305  K 

to  about  1  x  10  ^  Scm  1  at  320"K  . 

The  ionic  conductivity  in  ionenes  must  also  be  discussed  in  view 
2 

of  H-NMR  studies  on  molecular  motions  a)  in  intcrpolymcr  complexes 
of  ionenes  published  recently  ^),and  b)  in  ionene  salts  (own  measure¬ 
ments), which  both  indicate  large  angle  conformational  deformations 
being  pobsible  also  remarkably  below  in  glassy  polyelectrolytes. 

More  details  about  the  (di (electrical  properties  of  ionenes  and 
their  aromatic  analoques  as  well  as  other  thermal  and  optical 
properties  will  be  presented  at  the  poster. 
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LITHIUM/POLYETHER  INTERFACIAl  INSTABILITY 

K.A.  Huruqesamoorthi  and  T.R.  Owen 
Department  of  Chemistry  and  Applied  Chemistry 
University  of  Salford,  Salford  H5  tWT,  UK 

INTRODUCTION 

The  main  thrust  of  recedt  work  on  polymer  electrolytes  for  lithium  batteries 
has  been  towards  the  synthesis  and  characterisation  of  high  conductivity 
material.  However,  little  attention  has  been  paid  to  the  stability  of  those 
electrolytes  with  lithium  electrodes,  although  the  resistance  of  interfacial 
reaction  products  may  well  be  the  performance-limiting  factor,  especially  in  very 
thin  cells  III. 

Studies  on  thick  cells  of  PEO-lithium  salts  with  lithium  electrodes  operated 
above  room  temperature  revealed  the  presence  of  a  passivating  layer  at  the 
lithium/polymer  interface  12.31.  which  could  seriously  affect  performance.  This 
work  is  intended  to  evaluate  the  effects  of  interfrcial  reactions  at  room 
temperature  between  polymer  electrolytes  and  lithium. 

EXPERIMENTAL 

Nickel  tracks  were  evaporated  onto  the  glass  substrates  using  appropriate 
masks  (Fig.  la)  A  solution  of  polymer  in  acetonitrile  was  applied  across  the 
contacts  by  dip  coating  under  an  argon  atmosphere  using  PTFE  tape  as  a  mask.  The 
solvent  was  evaporated  leaving  a  thin  polymer  film  Ifig.  1b).  The  lithium 
electrode  was  made  by  vacuum  evaporation  across  the  polymer  film  making  a  bridge 

4 

to  the  nickel  track  through  another  mask  (fig.  1c).  lithium  evaporation  was 

performed  using  a  standard  vacuum  evaporator  housed  within  an  argon  atmosphere 
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dry  box.  An  array  of  eleven  such  cells  each  having  an  effective  area  of  0.08  cm 
was  fabricated  on  a  single  substrate.  Complex  impedance  measurements  were  made 
in  the  frequency  range  13  MHz  to  5Hz  and  repeated  at  various  time  intervals  after 
the  initial  fabrication.  The  following  polymers  were  used  for  the  present  study, 
doped  with  one  LiClO^  per  6  ether  oxygens  in  each  case: 

1.  PEO  (crystalline).  Aldrich  *H.W.  5,000.000". 

2.  Oxyethylene- oxymethylene  copolymer  (amorphous) 

(supplied  by  Or  C.  Booth.  Manchester  University) 

3  PPO  (amorphous).  Hercules  Inc.  Parol  58 
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RESULTS  AND  DISCUSSION 

Fig.  2  shows  the  impedance  diagram  obtained  for  a  Ni/PEO  -  LiClO^/Li  cell. 
It  is  evident  that  there  are  two  distinct  relaxation  phenomena  in  this  system. 
From  the  values  of  time  constants  of  these  relaxations  we  can  deduce  that  the  one 
at  high  frequency  is  due  to  the  PEO  and  that  the  one  at  low  frequency  is  due  to 
an  interfacial  reaction  product. 

The  thickness  of  PEO  is  estimated  to  be  around  l  pm  as  measured  by  SEH  for 
one  of  the  cells  prepared  in  the  same  way.  The  conductivity  of  the  PEO  was 
calculated  from  the  resistance  and  the  geometric  factors,  and  found  to  be  about 
to'6  S/cm.  (The  dielectric  constant  for  PEO  it  calculated  to  be  about  19  from  the 
relaxation  time  constant). 

2 

The  minimum  area  specific  resistance  obtained  for  PEO  waa  about  160  ohm  cm  - 
a  value  which  should  allow  acceptable  current  densities  even  for  the  poorly- 
conducting  PEO  at  room  temperature.  The  polymer  resistance  was  found  to  increase 
slightly  with  time,  presumably  due  to  slow  crystallization  of  the  PEO. 

The  interfacial  resistance,  however,  was  found  to  be  much  larger  than  that 

due  to  the  polymer,  and  increased  appreciably  with  time  (Fig.  ]).  IThet^ 

dependence  is  a  common  observation  in  corrosion  phenomena).  Assuming  the 

dielectric  constant  of  the  interfacial  layer  to  be  10.  the  thickness  of  the 

o 

interfacial  layer  was  estimated  to  increase  from  about  20  to  (0  A  and  the 

conductivity  was  calculated  to  be  about  10  S/cm. 

Fig.  4  shows  the  complex  impedance  diagram  for  a  typical  Ni/PPO/Li  cell. 
Here  the  single  relaxation  has  a  time  constant  similar  to  that  of  the  PEO  -Li 
reaction  product,  and  it  therefore  assigned  to  the  reaction  product  of  Li  and 
PPO.  However,  the  resistance  here  it  much  larger,  probably  because  of  a  greater 
thickness,  and  completely  masks  any  resistance  due  to  the  polymer.  Considering 
the  dubious  purity  of  the  sample,  the  greater  extent  of  reaction  may  well  have 
been  due  to  impurities  in  the  PPO  rather  than  the  polymer  itself. 

In  the  case  of  the  amorphous  oxyethylene-oxymethylene  copolymer,  the  lithium 
film  disappeared  immediately  after  evaporation,  indicating  a  very  fast 

interfacial  reaction. 
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Hlgh-molecular-welght  samples  of  "amorphous"  poly(ethylene 
oxide)  have  been  prepared.  The  conductivities  of  electrolytes 
formed  from  these  materials  are  comparable  with  the  best 
values  reported  for  otter  hlgh-polymer  systems. 


High-molecular  weight  poiy( ethylene  oxide)  (PEO)  Is  a  good 
polymer  electrolyte,  combining  useful  Ionic  conduction  with 
satisfactory  mechanical  properties1 »2 .  However  PEO  Is 
normally  highly  crystalline  at  room  temperature  and  so,  since 
conduction  Is  mostly  through  the  amorphous  phase1*2,  the 
polymer  has  practical  application  only  in  hlgh-temperature 
devices  (T  >  80”C). 

The  crystallinity  can  be  reduced  by  incorporating  co-units 
Into  the  poly(oxyethylene)  chain.  If  these  units  are  fairly 
evenly  (but  not  regularly)  spaced  along  the  chain,  long 
oxyethylene  sequences  are  avoided  and  the  melting-point 
depression  Is  maximised.  Indeed  the  melting  points  of 
polymers  consisting  of  linked  oxyethylene  sequences1  with 
narrow  distributions  of  lengths  are  found3  to  be  similar  to 
those  of  their  unlinked  precursors.  This  observation  provides 
a  basis  for  the  preparation  of  "amorphous"  PEO,  the  essential 
pre-requisite  being  a  supply  of  low-molecular-weight 
poly(oxyethylene)  with  reactive  end  groups  and  a  melting  point 
below  room  temperature. 

Fortunately  this  reqlrement  Is  easily  met,  suitable 
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starting  materials  being  the  readily-avallable  polyethylene 
glycols  (e.g.  PEG^OO,  PEG200).  These  diols  can  be  readily 
linked  by  the  Williamson  reaction,  with  a  dlhaloracthane  as  the 
linking  agent.  The  resulting  oxymethylene  links  are  effective 
in  limiting  the  crystallisation  to  that  of  the  short 
oxyethylene  sequences11. 

A  short  summary  of  the  preparative  method  is  given  at  the 
end  of  this  account.  The  chemistry  is  straightforward  and  the 
preparative  methods  are  those  of  "bench-top"  organic 
chemistry.  Ring  formation^  is  indicated  by  the 
low-molecular-weight  peak  in  Fig.  1. 
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Fig.  1.  GPC  curves  of  oxymethy lene-1 i nked  PEO  prepared  by 
use  of  CH2Br2  linking  agent.  Approximate  molecular  weights 
are  Indicated  on  the  curve  . 


Materials  produced  from  CH2Br2  and  PEGHOO  under  suitable 
reaction  conditions  are  elastomers  at  room  temperature: 
typically  Mw  >  100000,  Tm  -  15°C.  [Note:  Tm  -  -10°C  for 
polymer  prepared  from  PEG200J.  The  glass  transition 
temperature  of  linear  high  polymer,  Tg  -  -65°C,  is  similar  to 
that  of  conventional  PEO.  Material  produced  directly  by  use 
of  CH2BT2  without  pur  1  f  1  cat  ion1*  •  5  ,  which  contains  a 
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suhstant  i  a  1  fraction  of  plasticising  rinRs  (see  fig.  1),  may 
iiavc  Tp  *  ~80°C.  Conductivities  (o)  have  boon  determined  for 
pure  linear  polymers  mixed  with  LiCF^SO^  in  various 
proportions.  For  example  conductivities  of  o  «  5x10"^  S  cm"' 
at  ?0°C  and  o  *  6X10"1*  S  cm"'  at  100°C  were  found  for  a 
polymer  produced  by  use  of  CH2Br2  and  PEGM00  [Mw  »  200000, 
Tm  '  18”C,  Tg  »  -6|i°C]  containing  optimum  salt  concentration 
(  0:Li  «  2r,  :  1  ] 

A  comparison  of  results  with  conductivities  reported  for 
convent,  i  ona  l  PEO^  and  for  polyphcsphazine  MEEP?  13  made  in 
Fig.  2.  The  effect  of  crystallisation  in  PEO  is  to 
dramatically  reduce  0  at  temperatures  below  its  melting  point 
( Tm  »  Y0°C).  By  contrast  the  "amorphous”  PEO  has  a  fairly 
flat  curve  of  0  versus  1/T,  similar  to  that  found  for 
pol yphosphaz i nes . 


T/°C 


Fig.  ?.  Log  conductivity  versus  reciprocal  temperature  for 
(  )  PEO  (0:Li,  12:1,  LlClOi)),  (•»•••)  po  1  yphosphaz  i  ne 

(0:Li,  16:1,  LiCF^SOj)  and  (  —  )  oxyme thy  1 ene - 1 i nked  PEO 

( 0 : L 1  ,  ?5 : 1  ,  L 1 CF 3SO3 )  . 
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Preparation  of  oxymethylene-1 inked  PEO 

Finely-ground  KOH,  chlorobenzene  and  excess  dibromomethane 
were  mixed  under  nitrogen  in  the  dark  at  room  temperature. 
PEG400  was  added  slowly  and  the  reaction  mixture  was  stirred 
for  16  hrs.  After  filtration  and  washing,  the  product  was 
examined  by  GPC  and  found  to  contain  a  wide  distribution  of 
molecular  weights  (see  Fig.  1).  The  material  was  fractionated 
by  use  of  a  toluene/heptane  mixture.  The  high  polymer  so 
'isolated  was  used  for  conductivity  measurements.  Details  of 
the  preparation  and  purification,  including  molecular 
characterisation  of  the  product,  can  be  found  in  references  4 
and  5 . 
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Ionically  conducting  polymers  consisting  of  a  complex  between  a 
metal  salt  and  poly (ethylene  oxide)  (PEO)  offer  a  number  of 
advantages  over  other  solid  electrolytes,  with  regard  to  their 
possible  use  in  advanced  solid-state  electrochemical  devices. 
Interesting  results  on  these  electrolytes  have  been  reported  by 
several  workers  (1-3). 

Ve  have  prepared  and  studied  polymeric  complexes  of  poly (ethylene 
oxide)  (PEO)  with  salts  of  zinc,  copper  and  silver  (4).  It  was 
concluded  that  some  of  the  studied  compounds  are  good  solid 
electrolyte  materials  in  view  of  their  high  ionic  conductivity, 
their  low  electronic  conductivity,  and  their  chemical 
compatibility  with  high  energy  density  electrode  materials. 

Experiments  have  been  carried  out  on  cells  utilising  electrolytes, 
the  conductivities  of  which  are  at  the  lower  limit  of  values 
acceptable  for  batteries  for  present  day  use.  The  choice  of  type 
and  amount  of  salt  used  in  these  electrolyte  films  was  dictated  by 
a  systematic  study  of  factors  affecting  conductivity,  the  results 
of  which  have  been  published  elsewhere  (5,6).  The  performance  of 
the  cells  was  further  limited  by  the  use  of  a  simple  casting 
technique  to  form  the  composite  (polymeric  electrolyte 
matrix/active  constituent)  cathode;  it  has  since  been  shown  that 
significant  improvements  result  from  modifying  the  casting 
technique  (7,8).  Despite  these  limitations,  the  currents  drawn 
were  modest  but  adequate  for  certain  practical  devices.  An 
optimised  choice  of  anion  and  stoichiometry  for  a  given  divalent 
cation  species  can  lead  to  an  improvement  of  two  orders  of 
magnitude  in  conductivity  (5),  and  a  concomitant  improvement  in 
cell  performance  would  be  anticipated, 

Mg/PBQm:  Mg  <.S.Q&lz./AA5Z _ US*. _ 50ft  PEO. :  Mg  (SCK)^.  57.  acetylene 

black)  test  cells;  The  test  cells  exhibited  an  open  circuit 
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voltage  of  1.7  V  at  30  ±  1  -C.  The  test  cells  were  discharged  at  a 
constant  load  at  1  raft  until  apparent  exhaustion  of  active  cathode 
material  had  occurred.  A  current  of  1  pA  could  be  maintained  for 
1000  hours  and  a  slightly  lower  current  could  be  sustained  for  a 
further  2000  hours  or  so.  Additionally,  test  cells  were  used  to 
supply  the  power  to  an  LCD  clock  (requiring  >5  pA  at  >1.2  V>  >  for 
periods  of  two  weeks  at  ambient  temperatures  as  low  as  15  ‘-C. 

M/PEQ, MX  -  /  (45%  T1S*  or  V^O, a,  507.  PEQ,r.:XX^.  57.  acetylene  black) 
test,  cells:  These  test  cells  included  Kg,  Kg(SCN>:2;  Kg(C10n>.2; 
Zn,  Zn(C10^>2-  anode/electrolyte  combinations.  For  Kg/Mg (SCH) 2/ 
TIS2,  a  current  of  0.5  pA  could  be  sustained  for  400  hours.  For 
Kg/Mg (C10A>2./Ve.O> »  cells,  a  current  of  1  pA  could  be  maintained 
for  the  same  time.  For  Zn/Zn  (CIO*  Jx/TiSa-,  a  current  of  0.5  pA 
could  be  sustained  for  300  hours,  but  If  TIS*  were  replaced  by 
Ve.0i3  the  same  current  could  only  be  maintained  for  100  hours. 

K/PEQ..:K‘  (SCH1 2/(45%  TIS2  or  V^Oi-,.  507.  PEQ.^iKX;. _ 57.  acetylene 

black)  test  cell:  Here  the  anode  metal  differed  from  the  divalent 
cation  In  the  electrolyte.  For  test  cells  Involving  a  Zn  anode 
with  a  PEOs»:  Mg  (SCN)  2  electrolyte  and  a  V*-.Oi  »  cathode,  0.5  pA  could 
be  maintained  for  120  hours.  A  rather  better  performance  was 
obtained  from  the  combination  Kg  anode,  PEQi os Ca(SCM)i>  electrolyte 
and  TiSi  cathode;  0.8  pA  could  be  sustained  for  1000  hours.  In 
general,  for  these  "mixed  "  systems,  many  of  which  did  not  meet 
our-  minimum  performance  specifications  (0.5  pA,  100  hours),  Mg 
anodes  always  outperformed  Zn  or  A1  anodes  in  conjunction  with 
TiSa  cathodes,  whatever  salt  was  used.  This  even  included  systems 
for  which  the  divalent  cation  in  the  salt  corresponded  with  the 
anode  material. 
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ANIONIC  TRANSPORT  IN  POLYMERIC  SOLID  ELECTROLYTES 
E.  K.  Sen  and  S.  Sen 

Departaent  of  Chemistry,  University  College  of  Sciences, 

92,  A.P.C.  Road,  Calcutta  700  009,  India. 

Initiated  by  the  pioneering  works  0f  Arnand  et  al  (l)  in  1978, 
solid  polymeric  electrolytes  have  been  the  subject  of  brisk 
researches  owing  to  their  potential  use  in  high  energy-density 
batteries  at  temperatures  upto  423  K.  The  polymeric  substances 
studied  are  aestly  the  polyethers  like  polyethylene  oxide  (PEO), 
polypropylene  oxide  (PPO)  etc.  Only  a  few  papers  have  appeared  on 
other  types  of  polymers  like  polyimines  (2,3)  or  polyphosphasenes 
(4,8).  Alkali  and  alkaline  earth  metal  complexes  of  polymers  based 
on  polyethers  can  be  prepared  easily  by  dissolving  the  salts  (Li  , 
Na+ ,  K+,  Rb+,  Cs+,  Ca++,  Mg++  etc.  with  counter  ions  like  halides, 
perchlorate,  fluoborate  and  triflate(CPgSO^~))  in  molten  polymers 
under  anaerobic  conditions.  Extensive  studies  of  these  materials 
have  been  made  during  last  decade  with  respect  to  their  structures 
(by  x-rays,  EXAFS),  stoichiometries  (chemical,  D6C),  phase  studies, 
kinetic  studies,  transport  studies,  theory  of  transport  in  elasto¬ 
meric  phaee  (PVT,  DBP  theories),  mechanism  ef  ionic  transport, 
viscoelastic  studies  etc.  The  most  useful  property  of  these 
materials  is  their  high  ionic  conductivity  in  the  elastomeric  phase 
above  the  glass  transition  temperature.  The  molecular  mechanism  of 
the  ionic  conduction  process  is  not  yet  fully  understood.  A  mecha¬ 
nism  of  conduction  of  cations  through  the  polyethers  have  been 
advanced  (6)  on  the  basis  of  polyhelical  structure  of  the  matrix 
which  supplies  lone  pairs  from  oxygen  atoms  necessary  for  the 
formation  of  the  conducting  pathway. 

Careful  determination  of  the  transport  number  of  the  ions  in 
such  polymeric  matrix  has  now  revealed  that  contrary  to  earlier 
belief  that  the  cations  are  the  sole  charge  carrier,  the  anions  of 
the  alkali  metal  salts  also  contribute  significantly  to  the  process. 
In  fact,  in  some  cases,  the  anione  are  the  more  important  charge 
carrier.  However,  for  practical  application  of  a  high  energy- 
density  battery  employing  polymer  solid  electrolyte,  it  is  manda* 
tory  to  have  the  cationic  transference  number  as  close  to  unity  as 
possible  over  the  temperature  range  of  operation  of  the  cell. 
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Traneference  number  of  the  catlone  and  anions  In  polymeric 
solid  electrolytes  have  been  measured  by  different  workers  using 
a  variety  of  techniques.  These  include  the  classical  Tubandt 
procedure  (7),  complex  lmpedence  spectroscopy  (8),  Tg  relaxation 
time  In  NMR  spectroscopy  (9),  chronoamperometry  (10),  polarisation 
studies  (5,  11),  radioactive  tracer  diffusion  coefficient  measure¬ 
ments  (12)  and  PFG  NMR  measurements  of  diffusion  coefficients  (13). 
The  application  of  these  different  methods  is  necessitated  by  the 
widely  divergent  values  of  transport  numbers  derived  from  them 
such  that  unambiguous  and  universally  acceptable  values  could  not 
be  ascertained  up  till  now.  For  example,  cationic  transference 
number  ranges  from  0.03  to  about  0.95.  The  reason  for  such  wide 
variation  is  not  clear. 

The  fact  that  both  cations  and  anions  are  responsible  for  charge 
transfer  through  the  polymeric  solid  demands  a  mechanism  of  the 
transport  of  both  types  of  ions  in  the  elastomeric  phase.  It  is 
now  definitely  known  that  fully  saturated  polymer-metal  ealt  comp¬ 
lexes  with  low  0 sM  ratio  leads  to  crystalline  compounds  which  are 
almost  non-conductors.  But  in  the  elastomeric  phase,  particularly 
above  the  glass  transition  temperature,  the  crystals  dissolve  in 
excess  of  the  uncomplexed  polymer  to  result  in  unsaturated  comple¬ 
xes.  Under  this  condition,  the  cations  are  subjected  to  the  field 
of  available  lone  pairs  from  the  oxygen  (or  electronegative  ele¬ 
ment)  of  the  excess  polymers.  In  the  dynamical  medium,  these 
neighbouring  electron  pairs  can  accept  the  cation  and  these  may 
hop  from  place  to  place  along  the  polymeric  strands.  While  this  is 
a  reasonable  microscopic  picture  of  cation  migration,  the  mechanism 
of  transport  of  the  anions  remain  unexplained  and  usually  it  is 
assumed  (without  much  reason)  that  the  anions  are  completely  free 
to  move  in  the  polymeric  matrix. 

It  seems  reasonable  to  consider  that  both  the  cations  and  the 
anions  are  complexed  by  the  polymeric  solid,  the  latter  behaving 
as  a  multidentate  ligand.  The  cation  is  'coordinated'  by  the  elec¬ 
tron  pairs  of  the  polymer  and  this  'electronation'  of  the  cation 
is  the  reason  for  its  solvation  in  the  polymer.  If  the  strength  rtf 
the  'electronation'  is  email  the  solubility  of  the  salt  in  the 
polymer  will  be  low.  On  the  other  hand,  a  very  strong  'electrona¬ 
tion'  of  the  cation  will  hamper  its  migration  through  the  polymer 
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because  the  possibility  of  bond  breakage  (and  subsequent  bond  re¬ 
newal)  necessary  for  migration  will  be  small.  The  anions  will 
similarly  interact  with  the  hydrogens  of  the  polymer  backbone  to 
form  hydrogen  (proton)  bond  and  may  be  considered  as  'protonated' . 
Such  bonds  are  normally  very  weak  so  that  their  formation  and  brea¬ 
kage  may  take  place  without  much  involvement  of  energy.  They  are, 
therefore,  relatively  free  to  move  through  the  electrolyte. 

For  migration  through  the  polymer  the  cations  need  a  continu¬ 
ous  electron  path.  This  is  supplied  by  the  periodic  disposition  of 
the  electron  pairs  associated  with  the  electronegative  element  of 
the  polymer.  However,  for  the  anions,  the  required  continuous  'proton 
path'  will  be  provided  by  the  periodic  disposition  of  the  hydrogen 
atoms  of  the  organic  backbone  of  the  polymer.  With  these  ideas  the 
variation  of  mobility  of  different  types  of  anions  through  the  po¬ 
lymer  as  well  as  the  dependence  of  mobility  of  anions  with  tempera¬ 
ture  and  pressure  can  be  rationalised. 

The  variation  of  the  mobility  of  the  anions  depends  on  intrinsic 
factors  like  1)  hydrogen  bonding  ability,  2)  else  and  3)  polarity 
of  the  anion  and  extrinsic  factors  like  temperature  and  pressure. 

The  hydrogen  bonding  ability  or  'protonation'  of  the  anion  is 
directly  related  to  its  solubility.  A  strong  protonation  will  incr¬ 
ease  the  solubility  at  the  cost  of  the  mobility  through  the  polymer. 
It  appears  that  too  email  a  size  of  the  anion  will  cause  it  to 
rattle  in  the  interstices  and  prevent  itB  motion  through  the  conti¬ 
nuous  proton  path  although  the  higher  ionic  potential  would  ensure 
its  greater  solubility  in  the  polymer.  However,  diffusive  motion 
will  be  more  allowable  for  anions  with  small  volume  and  the  oppo¬ 
site  will  hold  for  those  with  larger  size  irrespective  of  their 
greater  mobility  along  continuous  proton  path.  The  polarity  of  the 
anion  is  by  fax  the  most  important  factor  in  deciding  the  ultimate 
anion  mobility.  Even  if  the  size  and  the  'protonation'  ability  of 
the  anion  le  favourable  for  migration,  its  dipolar  character  might 
cauee  it  to  form  clusters  and  prevent  its  easy  motion.  They  will 
also  hinder  the  motion  of  cations  by  forming  ion-pair.  Thus  a  dipo¬ 
lar  anion  of  moderate  size  containing  atoms  capable  of  protonation 
will  render  it  less  mobile  than  a  non-polar  anion.  Triflate  ion 
eatiefies  these  characteristics  and  Li-trlflate  is,  therefore, 
widely  used  in  polymer  based  lithium  storage  batteries.  This  is 
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however,  not  an  Ideal  choice  particularly  at  higher  temperature, 
where  the  anoln  shows  considerable  aolbility. 

An  increase  of  pressure  brings  the  polymer  backbone  closer  to 
each  other  so  that  for  a  given  size  of  the  anion,  formation  of 
closer  proton  path  will  result  in  greater  mobility  for  an  anion 
like  CIO",  than  a  dipolar  anion  like  thiocyanate  or  triflate. 

Increase  of  temperature  will  increase  in  general  the  mobility  of 
all  types  of  anions. 
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IMPEDANCE  AND  OTHER  STUDIES 
OF  ZINC  POLYMERIC  ELECTROLYTES 
M. H. Sheldon.  M.D.Glasse,  R,J.  Latham  and  R.G. Linford 
School  of  Chemistry, 

Leicester  Polytechnic,  England 
and 

H.Yang  and  G. C. Farrington 
pept,  of  Materials  Science  and  Engineering, 

University  of  Pennsylvania,  USA 

Poly (ethylene  oxide)  in  conjunction  with  zinc  salts  can 
be  used  to  form  electrolyte  films  of  PEO,,:ZnXa:  which  are 
analogous  to  the  better  known  Li  polymeric  electrolytes.  Both  Li 
and  Zn  systems  contain  spherulites.  Unlike  the  majority  of  Li 
electrolytes  (1,2),  the  Zn  based  materials  usually  contain  only 
one  type  of  spherulltic  region,  corresponding  to  PEO;  no  high- 
melting  complex  appears  to  be  present  in  these  cases.  They  can 
be  used  in  conjunction  with  Zn  electrodes  (which  are 
substantially  less  chemically  reactive  than  Li >  for  low  current 
density  power  source  and  other  applications  131. 

Figures  la  and  lb  show  typical  results  for  differential 
scanning  calorimetry  experiments  for  both  a  Li  and  a  Zn  polymeric 
electrolyte.  The  following  features  are  observed  ;  -  (1)  a  low 

temperature  step  at  Tvj  ;  (11)  an  endothermic  and  fairly  sharp 

peak  corresponding  to  pure  PEO  melting  j  (ill)  for  the  Li  trace 
only,  a  broad  high-temperature  peak  arising  from  the  melting  of 
polymei — salt  complex. 

By  contrast  figures  2a  and  2c  show  that  for  the 
PEO. ZnBri  system  there  is  evidence  lor  the  presence  of  high 
melting  polymer-  salt  complex.  As  for  Li  systems  (4)  the 
melting  point  of  the  complex  is  composition  dependent.  The 
sample  used  in  figure  2  was  subjected  to  the  thermal  history 
shown  In  figure  3;  the  behaviour  is  summarised  in  table  1,  The  T.., 
Indicates  the  presence  of  an  amorphous  phase  and  the  broad  peak 
at  a  higher  temperature  than  the  PEO  endotherm  confirms  the 
presence  of  the  complex;  there  Is  a  salt  balance  between  these 
two  phases.  After  natural  cooling  of  the  melt  to  room 
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temperature,  fallowed  by  quenching  to  -90  C  the  heating  cycle  was 
repeated,  giving  rise  to  figure  2b.  Here,  the  peak  due  to  the 
complex  Is  absent  because  there  was  insufficient  time  for 
crystallisation.  After  prolonged  storage  It  can  be  seen  from 
figure  2c  that  the  amount  of  complex  has  increased  and  its 
melting  point  Is  higher;  there  are  concomitant  changes  in  the 
temperature  and  height  of  the  Ta  step.  The  contrast  between  the 
behaviour  of  Z  n I <no  complex)  and  ZnBr*  (complex)  electrolytes 
may  be  strongly  Influenced  ,  not  only  by  the  anion  ,  but  also  by 
the  preparation  conditions  (which  differed  for  the  two  samples). 


Figure  2.  DSC  traces  for 
fig.  2  sample  of  PEO^c.:  ZnBr : 
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Table  1.  Thermal  data  for  the 
fig.  2  sample  of  PEO,-.. :  ZnBr.- 


The  results  from  other  studies,  such  as  SEM/EDX  and 
variable  temperature  polarising  microscopy,  on  Zn  polymeric 
electrolytes  will  be  presented  at  the  symposium. 

Electrolyte  conductivities  are  obtained  from  the 
extrapolation  of  the  high  frequency  end  of  the  *  interphase 
region*  of  the  Impedance  plot.  (It  Is  worth  noting  that  the  age 
of  the  PBO  used  to  make  the  film  can  affect  the  conductivity  of 


an  electrolyte  film  of  given  stoichiometry  by  a  factor  of  »100.) 
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Normally  the  conductivity  variation  with  temperature  le  depicted 
on  an  isoplethlc  ('Arrhenius')  plot.  This  variation  Is 
accompanied  by  a  change  In  the  appearance  of  the  Impedance  plots 
(Figure  4)  ,  resulting  from  the  low  and  high  frequency  limits  of 
whatever  instrumentation  is  used.  CPA  elements  find  particular 
application  in  the  equivalent  circuits  of  these,  and  other, 
polymeric  electrolytes. 
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Figure  4.  Variation  of  Impedance  plots  with  temperature  for  the 

system  PEO,  e. :  Zn I ;  . 

The  transport  number  of  Zn*''  In  these  films  has  been 
measured  from  the  impedance  spectrum  using  Zn  electrodes:  for 
example,  PEOiiiZnli-  at  120;,C,  t'  =  0.19,  and  at  100'  C,  t*  =  0.23. 
Unlike  totally  amorphous  systems  these  results  cannot  be 
extrapolated  to  room  temperature  because  of  the  intervening 
morphological  changes.  The  classic  method  [51  cannot  be  used  at 
room  temperature  because  not  all  of  the  three  Items  of 
Information  required  lie  within  the  accessible  frequency  range. 
Vatanabe's  use  161  of  the  d.c.  limit  overcomes  this  limitation. 

A  preliminary  comparison  at  Zn  and  other  divalent  salt 
electrolytes  Is  shown  In  figure  5.  The  conductivities  of  the 

chlorides  are  at  least  an  order  of  magnitude  lower  than  those  of 
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the  corresponding  perchlorates;  there  Is  a  significant  dependence 
on  cation  type  for  the  chlorides  but  not  for  the  perchlorates. 
It  can  be  Inferred  that,  provided  the  morphology  Is  similar,  the 
transport  number  of  the  anion  Is  greater  In  the  latter  case.  It 
Is  therefore  possible  to  obtain  Indications  of  transport  number 
from  experiments  using  blocking  electrodes. 
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Figure  5.  Isoplethic-  conductivities  for  divalent  polymeric 
electrolytes;  (a)  PEO,*:NClr,  <b>  PEO,  « ;  MICIO*  ) . 
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Proton  Conduction  in  Linear  Poly (ethylenimine) -Sulfuric  Acid 
and  -Phosphoric  Acid  Systems 

Ryuichl  Tanaka.  Toyomi  Iwase,  *Toyofumi  Hori,  and  *Shogo  Saito 
Department  of  Chemical  Engineering,  Fukuoka  University,  Jonan-ku, 
Fukuoka  814-01,  Japan;  ‘Department  of  Materials  Science  and  Tech¬ 
nology,  Kyushu  University,  Kasuga,  Fukuoka-ken  816,  Japan 

Solid  electrolytes  that  exhibit  high  proton  conductivity  are  of 
great  interest  as  the  electrolytes  suitable  for  use  in  batteries, 
fuel  cells,  and  electrochromic  display  devices.  Among  the  repor¬ 
ted  organic  proton  conductors  have  been  triethylenediamine-sulfu- 
ric  acid  composites.  In  contrast  to  Nafion  films  etc.,  it  remains 
proton-conducting  in  the  absence  of  imbibed  water.1  Linear  poly- 
(ethylenimine)(PEI),  structurally  the  simplest  secondary  amine 
polymer,  seems  to  be  a  suitable  building  block  of  the  polymeric 
proton  conductors  with  above  characteristics.  We  now  report  some 
behavior  of  PEI-sulfurlc  acid,  and  PEI -phosphoric  acid  systems. 

EXPERIMENTAL 

PEIs  (Mw:(L),  5x1 0*;  (H),  1.9x1 05)  were  obtained  as  reported 
elsewhere.2  The  PEI  was  weighed  after  drying  under  vacuum  at  100 
for  1  day  and  dissolved  in  absolute  methanol.  PEI-H2SO4  as  well 
as  PEI-HjPO^  systems  with  various  degrees  of  neutralization 
(acid/EI  unit  »  0-1)  were  prepared  by  adding  the  calculated 
weights  of  concentrated  sulfuric  acid  (>95%)  or  phosphoric  acid 
(>85%)  to  the  methanol  solutions  of  PEI  and  stirring  at  room 
temperature  for  1  day.  As  long  as  the  acid/EI  mole  ratio  was  less 
than  0.3,  no  precipitation  occurred.  When  such  solutions  were 
cast  onto  PTFE  dishes  under  N2  atmosphere,  amorphous,  hygroscopic 
polyelectrolyte  films  were  obtained.  Their  glass  transition  tem¬ 
peratures  (Tg)  were  below  room  temperature.  The  PEI-H3P04  films 
were  mechanically  too  weak  to  deserve  conductivity  measurements. 

Precipitation  took  place  when  the  acid/EI  ratio  exceeded  0.3.  The 
precipitates  were  filtered,  and  dried  under  vacuum  for  several 
days.  The  solids  were  crystalline  according  to  their  X-ray  dif¬ 
fractions;  but  neither  T  's  nor  melting  points  T  _'s  were  observed 
by  DSC  below  1 80 where  thermal  decomposition  intervened. 
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The  samples  for  conductivity  measurements  were  prepared  as  disks 
(12  mm  in  diameter  and  0.3  mm  in  thickness)  by  pressing  the  cast 
films  at  100  °C  (film  samples),  or  by  pressing  (30  KPa)  or  rubber¬ 
pressing  (40  GPa)  the  precipitated  powders  at  room  temperature 
(pellet  samples).  The  proton  conduction  through  such  samples  was 
confirmed  by  observing  the  emf's  of  the  hydrogen  gas  concentration 
cells  constructed  with  the  samples  as  the  electrolytes.  The  ac 
conductivities  were  measured  between  a  pair  of  stainless  steel 
electrodes  at  various  temperatures  under  vacuum  on  a  Yokogawa- 
Hewlett  Packard  4192A  Impedance  Analyzer  over  a  frequency  range  of 
5  Hz-13MHz. 
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RESULTS  AND  DISCUSSION 

PEI-HqSO j  Films.  Typical  complex  impedance  plots  are  shown  in 
Flg.1.  .  The  temperature  dependences  of  bulk  conductivities  of  film 
and  pellet  samples  of  PEI-H2SO4  are 
shown  in  Fig. 2.  The  amorphous  films 
exhibit  curves  of  the  WLF  type  above 
their  glass  transition  temperatures) 
the  ionic  hopping  may  be  cooperative 
with  the  segmental  motions  of  PEI.  A 
conductivity  maximum  arose  in  Flg.3  at 
a  low  HjSO^/EI.  The  addition  of  sulfu¬ 
ric  acid  initially  gives  rise  to  an  in- 
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crease  in  the  number  of  ionic  carriers,  ^  Typical  complex  impedance 
but  the  ionic  interactions  among  PEI  plots  for  a  PEI-HjSO^  film  saaple. 
chains  get  stronger  as  the  degree  of 
neutralization  increases.  As  evidenced 
by  the  large  elevation  (from  250  to  298 
K)  of  Tg  measured  by  DSC,  the  systems 
become  more  and  more  viscous,  and  the 
ionic  mobility  decreases  significantly. 

A  very  simplistic  consideration  of  the 
acid-base  reactions  involved  can  lead  to 
Fig. 4,  which  shows  how  much  of  a  desig¬ 
nated  species  will  be  formed  when  a  cer¬ 
tain  fraction  of  sulfuric  acid  is  added 
to  a  mole  of  El  repeat  unit.  The  compo¬ 
sitions  of  the  film  samples  belong  to 
region  I  of  Fig.4.  The  proton  conduc-  of%iectrical  conductivity  of 
tion  is  presumably  controlled  by  hopping  P1I-H2S0j  files  and  pellets. 
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of  protons  from  the  immonium  nitrogens  to  - 1 - 1 - 1 - 

the  unprotonated  iraino  nitrogens;  reasonable  _5'  «  loot 

I 

numbers  of  not  only  protonated  but  also  /^A  '  o»ti«» 

,  4>  \  !  a  fti(u 

unprotonated  El  units  seem  necessary.  \  I 

PBI-HiSO g  Pellata.  The  pellets  made  from  t,  \  u  / 

...  .  ,  b  .1  .  /  °  , 

the  crystalline  precipitates  were  not  hygro-  £  d  ■  / 

;  -J  lo*  /. 

scopic.  Fig. 2  shows  that  the  temperature  Ij  y 

dependence  of  their  ionic  conductivity  was  *  \j  V* 

of  the  Arrhenius  type.  Moreover,  as  the  ] 

right  half  of  Fig. 3  indicates,  the  conductl-1  0*2 '  Bt?  0^6  IT* 

.  |  (»2S0,)/(EI  wilt) 

vity  increased  rapidly  as  the  degree  of 

Fig. 3  Cosposltion  dependence 
neutralization  increased;  the  mechanism  0f  eleotrical  oonductirlty  of 

of  proton  migration  seems  quite  different  PEI-HjSO^  at  373 

from  that  in  the  films.  j  .  ^  , _ 7 - , - ^ 

He  can  see  from  region  II  of  Fig. 4  that,  to  \  /  / 

the  first  approximation,  the  number  of  ~  .  \A  !  { \  /  • 

protonated  El  units  becomes  constant  and  the  |  \  / 

c  1  w,l“  /<W> 

unprotonated  imino  nitrogens  become  unavai-  |«.j.  V  ^  / 

lable  as  proton  sinks  at  a  high  degree  of  *  / 

neutralization.  The  proton  Interplays  among  -  /  /  \x 

the  hydrogen-sulfate  and  sulfate  ions,  which  -y  \  / 
coexist  in  the  framework  of  protonated  PEI  c - 1 - * - • - t*, 

ihcmi/ici), 

chains,  have  to  be  dominating  the  proton 

,  .  .  .  .  .  .  .  .  Fig.4  Relative  aaounta  of 

conduction.  A  reservation  must  be  made,  in 


Fig.4  Relative  aaounts  of 
ohesloal  epeoiee  present  in 


however,  concerning  the  role  played  by  the  PEI-HjjSOi  or  PKI-Hj PO^ , 

,  ..  .  ,  a  aiapllfied  picture. 

PEI  chains.  It  is  known  that  some  30  %  of 

the  imino  nitrogens  of  branched  PEI  remain  unprotonated  even  at  pH 
■  2  in  aqueous  solution  because  of  the  Coulomblc  repulsion  from 
the  already  protonated  sites  on  the  same  polymer  chains.^  If 
similar  unprotonated  nitrogen  sites  are  present  in  our  pellets, 
they  also  should  provide  the  proton  hopping  sites. 

PBI-HjPO |  Pellata.  In  contrast  to  PEI-H2SO4,  the  precipitates 
here  were  very  hygroscopic  and  their  assaying  was  difficult.  The 
DSC  diagram  of  the  dried  precipitates,  especially  with 
(HjPO^)/ (El)  <  0.5,  were  irreproducible;  a  small  peak  often  ap¬ 
peared  near  60 °C,  but  sometimes  it  did  not.  This  sort  of  struc¬ 
tural  instability  appears  to  be  reflected  in  the  nonlinear 
Arrhenius  plots  in  Fig. 5.  Despite  of  this  dlficulty,  the  pellets 


were  by  ca.  2  orders  of  magnitude  more  conductive  than  PEI-H2S0^ 
of  a  similar  acid/EI  ratio  if  compared  at  a  common  temperature. 


As  Fig. 6  indicates,  the  gross  feature  of 
the  dependence  of  conductivity  on  composi¬ 
tion  was  similar  to  that  of  PEI-H2SO4  pel¬ 
lets.  If  we  could  assume  that  each  proto- 
nated  site  of  PEI  has  a  Br^nsted  pKg  of  ca. 

9  (a  reasonable  value  for  a  monomeric 
secondary  amine);  phosphoric  acid,  whose 
pKg 1 ,  pKg 2  and  pKa3  are  2.15,  7.20,  and 
12.35,  respectively,  should  act  perfectly 
as  a  dibasic  acid.  Then  Fig. 4  would  again 
account  for  the  relative  amounts  of  chemi¬ 
cal  species  present  in  a  pellet;  here,  of 
course,  HPf>4  =  and  l^PO^-  anions  take  the 

places  of  S04=  and  HSO^,  respectively.  S&kctftcSPc^uctftity"!;? 
Proton  transit  through  the  arrays  of  co-  pellets, 

existing  IIPOj=  and  H2PO3'  anions  is 
probably  responsible  for  the  proton  conduc¬ 
tion.  Nevertheless,  deviation  of  the  sim¬ 
plified  picture  of  Fig. 4  from  the  reality 
must  be  more  serious  than  in  the  case  of 
PEI-H2S04.  Namely,  as  the  degree  of  proto¬ 
nation  of  a  PEI  chain  increases,  the  pKa  of 
a  protonated  site  in  such  a  chain  can 
become  comparable  to  or  even  lower  than 
that  of  HPO-j3.^  Participation  of  PEI  nit¬ 
rogens  to  the  proton  relay  cannot  be 
totally  discounted  even  when  acid/(EI)g  > 

0.5. 

R  Fig. 6  Composition  dependence 
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A  BIXED-SALT  POLYETHER  ELECTROLYTE  :  P<EO>-,tLiCF.-,.SO.,l.,  ..(Bali., 

AS.  TOIlLlll,  P.F.  TUBSTALL,  J.K.  HacCALLUK,  C,A.  VIHCEBT 
Department  of  Chemistry,  University  of  St.  Andrews 
St.  Andrews,  Fife  KY16  9ST,  Scotland. 

1MTRQPUCTIQM, 

A  study  by  Koryaussef 1  on  the  conductivity  of  PEO/a 1 kal 1 ne -ear th 
salt  complexes  revealed  the  Interesting  result  that  the  mixing  of 
salts  had  a  noticeable  enhancement  on  conductivity  l.e  a 

PEO  i ,.  (CaBri )  o  , <Ca  I  ) , , .  complex  had  a  greater  conductivity  than 
either  of  the  pure  PEOi & (CaXi) ■ ,  X  =  Br/ I ,  complexes.  Although 

not  verified  experimentally,  it  was  suggested  that  this  was  due 
to  a  plastifying  effect  which  favoured  the  formation  of  an 
amorphous  phase  at  the  expense  of  the  crystalline  phase. 

In  this  paper  we  present  conductivity  and  nrar  results  for  the 

mixed-salt  polyether  electrolyte  P(E0)-,1  LiCFi.SO  ..(Nall . 

Attention  is  given  to  the  modified  conductivity  and  nmr  behaviour 
of  the  mixed  system  in  comparison  to  P  (E0>  „LiCF  .SO  .  and  Is 

discussed  in  terms  of  the  Increased  topological  disorder 

introduced  when  more  than  one  salt  is  present. 

P (EQ)  HVt  4x10'-  (Aldrich  Ltd.),  Mai  (Aldrich  Ltd  ),  L1CF.SO,  <3M 
Ltd.)  were  dried  and  the  required  compounds  formed  by  the  ball- 
raill  technique-'.  Films  were  hot-pressed  and  their  conductivity 
determined  by  a.c  Impedance  methods'.  Samples  for  nmr  were  sealed 
under  vacuum  and  analysed  at  50MHz  by  the  Free  Induction  Decay 
(FID)  /  Spin-Echo  technique  pioneered  by  Berthler  et  al"  where 
short  Tj  FIDs  were  associated  with  crystalline  polymer  or 
immobile  salt  species,  and  longer  T.  FIDs  with  amorphous  polymer 
or  mobile  salt  species. 

RESULTS/ DISCUSS I QM. 

Fig.  (1)  shows  the  plot  of  log...o-  versus  1/T  for  the  mixed-salt 
system  P  (EO)  „  (  L1CF  ,SO  .1 . . .  ,.l  Ma  1 1 .. . .  Compared  with  the  available 
data'"  '  ’*  ,  the  o-  vs.  temperature  profile  shows  a  marked 
Improvement  on  that  of  P<E0)„L1CF  .SO  ,  and  a  slight  Improvement  on 
that  of  P(EO)x,NaI.  Fig.  (2)  shows  plots  of  the  percentage 
amorphous  content  for  both  the  mixed  salt  and  L1CF  .SO  .  complexes 
vs.  temperature,  as  determined  by  the  nmr  technique.  It  is 
apparent  from  the  figure  that  Moryuussefs*  contention  of  an 
Increased  amorphous  phase  whe?n  salts  are  mixed  is  vindicated 
here,  with  the  mixed-salt  system  showing  7-10%  more  amorphous 
r  hat  ac  t  ei  at  most  temperatures.  Also  Interesting  is  the  close 
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similarity  1'Pt.wppn  the  conductivity  and  percentage  amorphous 
I'l  nil  I'-",  for  the  mixed  system. 


FigA22-i-  ^Amorphous  1  H  versus  temperature. 

Given  that  analysis  of  the  relevant  F  I  Ds  can  yield  ,  si  ml lar 
Information  for  the  'Ll  (cation)  and  •  'F  (anion)  nuclei  as  It 
does  fur  'H,  data  was  also  taken  for  those  nuclei  and  their 
percentage  amorphous  <or  mobile)  component  calculated  vs. 
temperature  for  both  the  mixed-salt,  and  pure  L1CF  .SO  .  systems 
<  f  I  g.  Cl)  )  . 

*3)'.  Jt  SlgjraL-  The  F  (ECO  ..LI  CF  .SO.  fluorine  siRnal  was  found  to  lie 
single  component,  short  T  (a.aOps) ,  over  must  ol  the  temperature 
range  until  above  00  C  where  a  small  amount  <s47.)  of  long  r 
component  was  observed.  In  contrast,  the  mixed- salt  eyetpm  showed 
a  mu-h  larger  raobl le  fraction  over  the  ent Ire  temperature  range, 
rising  monotonies  11  v  to  of  the  total  signal  at  110 
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(h)'I.l  Signal.  Like  the  ’"F  signal  in  P  (BO)  ..LiCF^SO  the  'Li  FID 
was  found  to  be  single-component  short  Tv  (“120ps>  over  the 
entire  temperature  range,  with  no  long  Tv  (or  mobile)  component 
observable.  In  the  mixed  system  the  striking  observation  was  two- 
component  behaviour  (short  and  long  T/l  with  the  appearance  and 
growth  of  a  long  Ti  signal  near  the  onset  of  the  region  of 
enhanced  conductivity  in  the  <r  vs.  temperature  plot.  This  mobile 
component  was  found  to  grow  rapidly  with  temperature  and  by  78'C 
(where  all  the  P  (EO)  ..L1CF *S0,  signal  was  still  short  T. >  the  'Li 
FID  was  observed  to  be  one-component  long  Tv,  suggesting  that  all 
lithium  cations  were  now  mobile  in  the  system. 

The  results  presented  so  far  suggest  that  the  mixed-salt  system 
contains  more  charge  carriers  l.e  mobile  anions  and  cations 
(fig.  (3>>,  in  a  more  extensive  amorphous  polymer  phase  (fig. (2>> 
than  the  equivalent  P  (EO)  a  L1CF  *50-.  material.  This  in  turn  would 
Immediately  explain  the  enhanced  conductivity  of  the  mixed 
relative  to  the  clrgle  salt  system  and  may  be  considered  to  be  a 
result  of  the  topological  disorder  Induced  Into  the  system  by  the 
mixing  of  salts  and  hence  Ion  size  and  type. 

Further  evidence  was  gained  by  estimating  the  Tv  relaxation  tiroes 
for  'H  (amorphous  chain)  signals  from  the  decay  of  the  transverse 
magnetization  (fig(4>>.  Tv  values  (considered  a  probe  for  chain 
roobl  1  ty’-  "  ■ 1  ■)  for  the  mixed  salt  were  found  to  be  consistently 
less  than  the  single  salt  at  all  elevated  temperatures  ()60''C) 
l.e  at  80  'C  the  P  ( EO)  *  LI  CF  .SO  T.  value  was  typically  10ms 
whereas  the  mixed-salt  was  much  less  at  around  2ms,  Implying  that 
whereas  the  larger  concentration  of  mobile  Ions  In  the  amorphous 
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Pl^(4).  Decay  of  the  'H  transverse  magnetization  versus  tl 


phase  of  the  mixed  salt  system  can  Rive  a  larger  conductivity 
than  the  single  salt,  they  also  tend  to  raise  the  microscopic 
viscosity  of  that  phase,  probably  by  networking  the  system  with 
transient  cross- links. 

GQBCLUS1QBS. 

The  mixed  salt  polyether  P  <EO)  < l  LiCF  »SO  .1 . .  eilfali,,  ».  has  been 
shown  to  have  a  larger  amorphous  phase  content,  an  Increased 
mobile  salt  content,  and  a  superior  conductivity  to  that  of  the 
equivalent  P < EO) „ L1CF  -.SO »  system.  The  effects  are  considered  to 
arise  from  the  topological  disorder  Introduced  into  the  system  by 
the  mixing  of  salts. 

A  mote  detailed  treatment,  including  data  for  the  mixed-salt 
electrolyte  P  <EU>.-.(  L1CF  .SO  »1  r. ,  *.(  Ha  1 1  . -.,  and  discussion  of  the 

ion-polarisation  effects  present  in  these  systems,  will  be 

presented  elsewhere. 
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Poly (propylene  oxide)  (PPO)  is  known  to  form  amorphous  ion 
conducting  complexes  with  alkali  metal  salts.1'2  Previous  studies 
of  PPO  complexed  with  LiC104  have  shown  that  large  scale  segmental 
motion  of  the  polymer  chains  is  principally  responsible  for  ionic 
transport2,  in  general  agreement  with  the  results  of  a  wide  array 
of  recent  investigations.  The  present  study  concerns  related  work 
on  PPO:NaI  and  PPO:KSCN  complexes.  In  particular,  it  is  observed 
that  these  materials  exhibit  behavior  similar  to  that  of  previously 
investigated  PPO  complexes,  however,  they  become  unstable  at 
moderate  temperatures  (<100°C) .  As  will  be  discussed,  the 
instability  is  manifested  ultimately  by  the  separation  of  the  salt 
from  the  polymer. 

We  have  performed  differential  scanning  calorimetry  (DSC) , 
electrical  conductivity  and  23Na  nuclear  magnetic  resonance  (NMR) 
measurements  on  PPOgNal,  both  in  vacuum  (or  ambient  pressures)  and 
at  elevated  pressures  (up  to  several  kbar) .  Tn  addition,  DSC  and 
conductivity  data  for  PPOgKSCN  are  presented. 

The  host  material  studied  was  Parel  58  (Hercules,  Inc.) 
elastomer  which  is  a  sulfur-vulcanizable  copolymer  of  propylene 
oxide  and  allyl  glycidyl  ether.  As  the  primary  constituent  is 
propylene  oxide,  the  material  will  be  referred  to  throughout  this 
paper  as  PPO.  The  DSC  results  for  PPOgNal  are  shown  in  Fig.  1. 
Results  for  uncomplexed  PPO  are  included  for  comparison.  It  is 
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clear  that  the  complexed  material  is  highly  amorphous  in  that  it 
exhibits  a  strong  glass  transition  with  a  "central"  Tg  of  about 
6°C.  (The  "onset"  Tg  is  about  0°C  and  the  "end"  is  at  about  12°C.) 
Consequently,  Tg  is  about  68°C  higher  than  for  the  uncomplexed 
material  for  which  the  "central"  glass  transition  temperature  is 
about  -62°C  as  shown  in  Fig.  lc.  An  increase  in  T_  with  the 
addition  of  salt  to  PPO  is  well  known  phenomenon  . 

In  addition,  in  the  DSC  studies  for  PPOgNal,  a  strong,  sharp 
endothermic  event  is  observed  at  about  100°C.  In  order  to  obtain 
information  concerning  this  feature,  the  material  was  annealed  at 
175°C,  quenched  to  -140°C  as  rapidly  as  possible  in  situ,  and  the 
DSC  studies  repeated.  Typical  results  for  the  quenched  material 
after  anneal  at  tempetatures  above  140°C  are  shown  in  Fig.  lb.  In 
all  cases,  a  strong  glass  transition  typical  of  uncomplexed  PPO  is 
observed.  In  addition,  there  is  a  high  temperature  exothermic  event 
followed  by  an-  endotherm.  Similar  behavior  has  been  observed  for 
PP08NaC104  where  it  was  concluded  that  the  high  temperature 
endotherm  is  due  to  the  salt  coming  out  of  the  polymer,  i.e.  "a 
salting  out"  effect.3  The  primary  evidence  is  that  only  the  glass 
transition  due  to  uncomplexed  PPO  is  observed  after  quenching  from 
temperatures  above  that  of  the  sharp  endotherm.  Further,  the 
material  exhibits  the  original  behavior  (Fig.  la)  after  allowing 
the  sample  to  sit  at  room  temperature  overnight,  i.e.  the  salt 
redissolves  in  the  polymer.  Salting-out  has  been  observed  spectro¬ 
scopically  for  PPO  containing  NaSCN.4 


Fig.  1 


Fig.  2 


In  order  to  gain  further  evidence  for  the  salting-out  effect, 
electrical  conductivity  studies  were  performed.  (It  was  not 
possible  to  perform  such  studies  for  ppOgNaClO^  as  the  salting-out 
temperature  was  outside  the  range  of  the  conductivity  apparatus.) 
The  results  are  shown  in  Fig.  2.  It  is  seen  that  the  electrical 
conductivity  begins  to  deviate  from  its  lower  temperature  behavior 
at  about  85°C. 

A  general  feature  of  the  23Na  NMR  results  is  the  coexistence 
of  two  separate  lineshape  components  with  substantially  different 
spin-lattice  relaxation  times  (T^)  and  linewidths.  As  in  previous 
studies  of  similar  complexes,  the  long-T^  and  broad  component  is 
attributed  to  bound  Na  species  while  the  short-Tj  and  narrow 
component  arises  from  mobile  Na+  ions.4  The  ratio  of  the  narrow 
line  to  broad  line  intensities  as  a  function  of  reciprocal 
temperature  is  plotted  in  Fig.  3.  That  the  difference  between  the 
lowest  temperature  value  and  the  maximum  value  (occurring  just 
above  room  temperature)  is  only  about  a  factor  of  ten  is  indicative 
of  the  relatively  minor  role  that  "carrier  generation"  plays  in  the 
overall  conductivity,  which  changes  by  more  than  four  orders  of 
magnitude  over  the  same  temperature  range. 


The  salting-out  effect  is  manifested  as  a  sharp  drop  in  mobile 
ion  concentration  above  ~  80°C.  In  addition,  the  slight  decrease  in 
H/B  just  after  reaching  its  maximum  value,  which  has  been  observed 
in  other  complexes4,  is  suggestive  of  an  ion-pairing  mechanism 
which,  in  fact,  may  be  a  precursor  to  salting-out. 
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Another  example  of  the  salting-out  effect  is  evident  upon 
viewing  the  data  for  PPOgKSCN,  shown  in  Figs.  4  and  5.  For  this 
material,  the  salt  comes  out  of  the  polymer  at  a  lower  temeptarure, 
about  60°C  as  seen  by  a  sharp  endotherm  at  about  60°C  in  Fig.  4. 
That  the  material  was  complexed  is  shown  by  the  single  glass 

transition  temperature  at  about  -25°C.  Once  again,  upon  thermal 
treatment,  the  glass  transition  disappears  with  the  appearance  of 
an  uncomplexed  PPO  glass  transition.  This  material  is  interesting 
because  the  melting  endotherms  for  the  salt  are  at  relatively  low 

temperature  as  shown  in  Fig.  3a.  As  shown  in  Figs.  4b  and  4c, 

similar  endotherms  are  observed  in  the  polymer  after  heating  above 
60°C.  Since  the  salting-out  effect  occurs  at  a  relatively  low 

temperature,  the  effect  on  the  electrical  conductivity  is  quite 
dramatic  as  shown  in  Fig.  5. 


Fig.  4  Fig.  5 
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SOLID  STATE  SODIUM  CELLS  HITIi  POLYMER  ELECTROLYTE 


K.  West,  B.  Zachau-Christiansen,  and  T.  Jacobsen 
Fysisk-Kemisk  Institut,  The  Technical  University  of  Denmark 
DK2800  Lyngby,  Denmark. 


All-solid-state  batteries  with  Li  and  an  insertion  material  as 
active  electrode  components  and  poJy-te thylene  oxide)  based  electrolyte 
has  proven  to  be  feasible  alternatives  to  the  classic  secondary  bat- 
tery  systems  [1-21.  We  have  demonstrated,  that  also  Na  can  be  used  as 
active  material  in  this  type  of  batteries  [31.  The  main  incentive  for 
replacing  Li  uith  Na  is  the  generally  higher  conductivity  of  Na  elec¬ 
trolytes.  and  the  fact  that  Na  does  not  form  alloys  uith  aluminium, 
making  it  possible  to  use  this  light  metal  -  instead  of  nickel  -  for 
current  collectors  in  bipolar  cells.  Furthermore  Na  is  more  abundant 
and  less  expensive  than  Li.  These  advantages  will  however  be  offset  by 
a  decrease  in  energy  density  caused  by  the  higher  molar  mass  of  Na  and 
the  generally  lower  capacity  of  sodium  insertion  materials.  In  the 
present  paper  the  behaviour  of  ^?r>4P"(ethylene  oxide)-sodium  perchlorate 
electrolyte  in  all-solid-state  cells  will  be  discussed.  a-V  is  used  as 
active  component  in  the  positive  electrodes,  as  good  cycling  lives  can 
be  obtained  with  these  electrodes.  The  operating  temperature  for  these 
cells  was  chosen  to  80°c,  well  below  the  melting  point  of  Na  (98°C). 

EXPERIMENTAL 

Electrolyte  films  were  prepared  by  casting  acetonitrile  soluti¬ 
ons  of  PEO  (Hw  =  4'10  ,  BDH)  and  recrystallized  NaClO^  (Merck)  on  inert 
supports.  After  solvent  evaporation  the  films  were  dried  in  vacuum 
(<0.01  torr)  at  120°C  overnight.  This  drying  procedure  of  the  casted 
films  has  proven  to  be  of  greater  importance  to  the  cycling  behaviour 
than  the  dryness  of  the  starting  materials.  The  thickness  of  elec¬ 
trolyte  films  prepared  this  way  was  -50  pm. 

RESULTS  AND  DISCUSS1UN 

The  ionic  conductivity  of  PEO-NoClO^  films  was  measured  at  dif¬ 
ferent  salt  concentrations  as  function  of  temperature.  The  results 
shown  in  fig  1  are  consistent  with  results  obtained  for  PEO-LiClO^  [41. 
Based  on  these  results,  the  composition  Na:0  1:12  was  chosen  for  fur¬ 
ther  experiments.  With  this  electrolyte  composition  an  ionic  conduc¬ 
tivity  of  b.5'10  (U-cin)  *  was  achieved  at  the  operating  temperatuie 
(8U"c). 

Results  of  AC  impedance  measurements  ori  symmetrical  cells,  with 
Na  electrodes  on  both  sides  ol  the  polymer  film,  are  shown  on  fig  2. 


log  (<T  *  ( ohm  cm) ) 
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Ficj  2. A  shows  the  impedance  of  this  cell  shortly  after  assembly 
and  heating  to  80°c.  The  bulk  resistance  determined  as  the  high  fre¬ 
quency  intercept  with  the  real  axis  (45  2)  is  somewhat  larger  than  ex¬ 
pected  from  geometrical  parameters  (22  2),  but  the  cell  impedance  is  to¬ 
tally  dominated  by  the  large  interfacial  impedance.  Two  different 
relaxation  arcs  can  be  identified.  The  impedance  of  the  cell  is  however 
not  independent  of  time,  as  can  be  seen  from  the  sudden  decrease  in  low 
frequency  impedance.  The  cell  impedance  stabilizes  after  a  few  hours, 
and  the  impedance  measured  the  day  after  cell  assembly  is  shown  on  fig 
2.B.  The  interfacial  impedance  has  now  decreased  considerably,  and  three 
distinct  arcs  are  seen  in  the  impedance  plot.  Tentatively  the  area  can 
be  ascribed  to  different  phenomena,  I:  Resistance  of  an  ionically  con¬ 
ducting  film  on  the  sodium  surface  (220  2-cm^),  II:  Transport  in  an 
inhomogeneous,  porous  layer  (see  [5]),  and  Ill:  A  diffusion  arc  caused  by 
simultaneous  transport  of  anions  and  cations  in  the  bulk  electrolyte 
£61.  From  extrapolations  of  the  width  of  arc  III,  and  of  the  high  fre¬ 
quency  intercept,  the  transport  number  of  Na+  in  the  electrolyte  is 
estimated  to  0.2. 
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Fig  .1;  Impedance  of  Na  |  PEO-NaClO^  <Na:0  1:12)  | 
t rode  area  0.2  cm^,  electrolyte  thickness  1 00 
assembly,  B:  i  prior  to  cycling,  x  alter  cycle  15, 


“~V2°5  (80°c)  tell. 

pm.  A:  Immediately 
o  after  cycle  f>9. 
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The  symmetrical  cells  was  found  In  lie  very  prone  to  dendritic: 
shorting,  and  failed  in  all  cases  after  a  lew  days.  In  order  to  monitor 
t.he  long  term  statdlity  of  the  Na-polymer  inter  phase,  AC  impedance 
measurements  were  performed  on  complete  cells  with  a  Nq  negative  elec¬ 
trode  and  a  positive  electrode  consisting  of  64  w/o  a_V2°y  9  w/o 
acetylene  black,  19  w/o  PEO  and  8  w/o  NaClO^.  These  cells  were  much  more 
stable  towards  dendrites,  and  could  be  cycled  for  months  without  short¬ 
ing.  In  some  cases  dendrites  formed  (especially  durinq  the  first  feu 
recharges),  but  they  caused  only  temporary  drops  in  cell  voltage  and 
vanished  without  causing  any  discernible  decrease  in  cell  performance. 
This  phenomenon,  often  called  "self  healing"  or  "soft  dendrites",  is  also 
known  from  Li  conducting  polymer  electrolytes. 

The  impedance  of  the  cell  iust  after  assembly,  fig  3. A,  show  the 
same  high  frequency  arc  as  seen  in  the  symmetrical  cell.  Calculated  on 
basis  of  Ha  electrode  area  an  initial  surface  resistance  of  1.8  kQ-cm2 
is  measured  in  both  cell  types.  The  low  frequency  pattern  is  however 
different,  as  this  part  of  the  impedance  spectrum  is  dominated  by  the 
porous  positive  electrode. 

A  small  current  is  drawn  from  the  cell  during  the  initial  equi¬ 
libration  period,  and  the  day  after  the  assembly,  the  interfacial  im- 

p 

pedance  has  dropped  to  _go  fi-cm  .  fig  3.B.  The  cell  is  now  cycled  with  a 
current  density  of  0.1  mA/cnr  to  a  depth  corresponding  to  uptake  of  1.5 
Nn  per  V  0r.  The  interfacial  impedance  increases  upon  cycling:  after 
cycle  15  it  is  130  W-crn2,  and  after  cycle  69.  where  the  cell  capacity  has 
dropped  to  half  of  its  initial  value,  a  broad  arc  corresponding  to  .500 
0-cm  is  obtained.  At  this  point  all  Na  in  the  cell  has  been  cycled  -2 
t  imes. 

When  no  current  is  drawn  from  a  cell,  a  similar  pattern  is  ob- 
set  veil:  initially  the  interfacial  impedance  decreases  drastically,  but 
upon  prolonged  stand  it  increases  slowly  again. 

CONCLUSION 

When  properly  prepared,  PE0-NaC10^  film  can  be  used  as  elec¬ 
trolytes  in  all-solid-state  Na  cells.  The  high  impedance  of  the  Na/elec- 
trolyte  interface  seen  just  after  assembly  drops  off  to  a  value  where 
it  only  gives  a  small  contribution  to  the  overvoltage  during  cell  opera¬ 
tion.  Upon  prolonged  cycling  an  increase  in  the  interfacial  impedance  is 
seen,  possibly  due  to  the  formation  of  a  porous  layer  on  the 
Na/elect rolyte  interface. 
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